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In this research, I have analyzed different aircrafts with nonconventional wings. 
The analyses have included aerodynamic modeling, flight dynamics and trajectory 
optimization. Two different nonconventional aircrafts are analyzed, a V-shape 
morphing wings and a Linked UAV system. A modern adaptation of Prandtl’s lifting-
line method is utilized to analyze the aerodynamics of both systems. This method can 
compute the aerodynamic forces for a system of lifting surfaces with arbitrary camber, 
sweep, dihedral, position and orientation. The V-shape morphing wings consist of a 
wing configuration that has two panels, an out-of-plane dihedral section and a 
horizontal section. An analysis of the aircraft turning dynamics shows that by 
manipulating the dihedral angles, of the V-shape wings, either by symmetric or 
asymmetric wing shape changes, can affect the turning capabilities of an aircraft to 
perform a variety of different missions depending on the importance of each of the 
turning performance measurements. 
A linked UAV concept, where individual UAVs link at high altitude, creates an 
aerodynamically efficient system of aircraft which has long endurance capabilities and 
can cruise for extended periods with significantly reduced power loads. This 
dissertation presents an analysis of close proximity aerodynamics and aircraft 
dynamics of two Linked UAVs. As the UAVs approach each other for wingtip 
  
docking there are strong aerodynamic coupling between their wings tips. An 
aerodynamic disturbance intensity field has been generated, utilizing both simulation 
and wind tunnel data, to determine a trajectory for the two UAVs to approach each 
other for midair docking. Finally, two optimal trajectories, a 2-D and 3-D docking 
trajectories are generated and compared. Dynamic wind tunnel test are performed to 
compare different midair wingtip docking trajectories. The results of the optimization 
concludes that a trajectory with a span-wise approach is more desirable since it goes 
through the least aerodynamic disturbances and requires less control effort to perform 
the midair docking maneuver. 
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 CHAPTER 1 
 ANALYSIS OF TURNING PERFORMANCE OF SYMMETRIC AND 
ASYMMETRIC V-SHAPE MORPHING WINGS
*
 
1.1 Abstract 
This paper present the effect of morphing on the aircraft turning dynamics for 
symmetric and asymmetric V-shape changing wings.  The aerodynamic forces will be 
calculated using a 3D aerodynamic model developed that utilizes a modern adaptation 
of Prandtl’s lifting-line method which can be used for wings of arbitrary camber, 
sweep and dihedral. The method will be applied to analyze symmetric and asymmetric 
V-shaped wing configurations of interest for morphing aircraft applications. The V-
shaped wing has two panels, an out-of-plane dihedral panel and a horizontal panel.  A 
study of the lift characteristics for symmetric and asymmetric configurations with and 
without flap deflection will be presented.   An investigation as to how the partial 
dihedral affects the dynamics of the vehicle, in turning, for wings with asymmetric 
flap deflection is performed. A comparison of the different turning performance 
measurements, turning radius, bank angle, load factor, turning rate and roll moment 
coefficient will be presented. 
 
 
 
 
 
 
                                                 
*
Reprinted with permission from Cuji, E. and Garcia E.  "Analysis of Turning Performance of 
Symmetric and Asymmetric V-Shape Morphing Wings", International Review of Aerospace 
Engineering Journal, Vol 4, No 1, February, 2011. Copyright © 2011 Praise Worthy Prize S.r.l. 
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1.2 Introduction 
Presently, most aircraft are designed and optimized for a particular mission.  
Increasingly it has been considered desirable for an aircraft to perform multiple 
missions in different flight regimes [1].  For example, an aircraft that could fly 
efficiently and morph to be maneuverable would enable new missions.  As seen in 
nature, birds morph their bodies in different flight regimes to increase performance 
[2], [3].  Using birds as an inspiration, research toward the development of a morphing 
aircraft has been suggested [1].  A morphing aircraft is defined as an aircraft vehicle 
that could perform gross shape changes in-flight to increasing efficiency, adaptability 
and/or mission performance [4], [5].  Recent advances in smart materials and actuators 
have enabled shape changing structures and, eventually, the development of a 
morphing aircraft structures without the addition of extra weight [6]. 
Morphing technologies are currently being studied to expand the range of missions 
that an aircraft can perform. There have been programs dedicated to study the 
feasibility of incorporating morphing technology to aircraft, especially for UAVs, like 
the DARPA Morphing Aircraft Structures program [7].  Herein Joshi, et al., have 
demonstrated the impact of morphing wings on aircraft performance and provided a 
method for performance metrics for a morphing aircraft [8].  The goal of a morphing 
aircraft is to impact the performance of different maneuvers and flight conditions for 
an array of different missions.   
In this paper, we will investigate the impact of out-of-plane wing shape changes on 
different flight conditions like turning flight. The wing configuration that we will be 
studying is a wing configuration that has two panels, an out-of-plane dihedral section 
and a horizontal section, like a V shape wing configuration as it can be seen in Figures 
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1.2 and 1.3. Both symmetric and asymmetric dihedral angle changes will be 
performed.  An investigation of the effects of flaps on the wings for both 
configurations will also be performed.  We want to investigate how both symmetric 
and asymmetric wing shape changes affect the aircraft response for the different flight 
conditions.  We want to see how we can take advantage of these properties by utilizing 
both symmetric and asymmetric wing shape changes to perform maneuvers that 
conventional aircraft cannot do. 
Each of the different performance metrics will have a different importance 
depending on the aircraft mission.  For example, for a fighter aircraft the ability for 
fast and sharp turns is desirable.  But for surveillance missions having small bank 
angles during a turn to keep the surveillance equipment pointing at a certain direction 
is desirable.  An application where small bank angles are desirable is for when the 
aircraft energy is beamed to the aircraft. For example, for a microwave powered 
airplane, power is beamed directly into rectennas located in the plane and controlling 
orientation is critical for minimizing power losses [9], [10]. 
In this paper we are going to explore the effects of the partial dihedral on the 
aircraft dynamics and performance, especially on turning, for wings with flaps 
deflections. An analysis for both symmetric and asymmetric V-shaped wings without 
flaps has previously been presented [11].  First, we will present the aerodynamics 
characteristics for both symmetric and asymmetric wings with and without flap 
deflections. The vertical and lateral lift force will be presented for wings with different 
partial dihedral angles.  An analysis of the effect of the partial dihedral on different 
turning performance measurements (which are turning radius, turning rate, bank angle, 
load factor and roll moment) will be performed. For this wing configuration, since 
some of the lift force at the dihedral portion will have a horizontal component, it will 
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have an effect on the turning performance. We anticipate that the horizontal lift force 
will have a bigger impact on turning performance for the asymmetric wing.  Also we 
will investigate the effects of these different configurations on roll and pitch.  
1.3 Aerodynamic Model 
1.3.1 Adaptation of lifting-line method 
The new capabilities of a morphing aircraft can be reached by manipulating the 
aerodynamics forces and moments that act upon the aircraft.  To determine the forces, 
an aerodynamic analysis for both varying geometries and flight condition are required.  
A computational fluid dynamics (CFD) package would not be efficient, since a new 
mesh would be needed for every shape and flow field configuration, resulting in high 
computational cost.  Instead, we are utilizing an approach to 3D modeling which 
incorporates a modern adaptation of Prandtl’s lifting-line method, based on a fully 
three-dimensional vortex lifting law that we have developed [12].  This method 
enables to analyze the aerodynamic properties of wings of arbitrary camber, sweep, 
and dihedral, with either symmetric or asymmetric planform. 
 
 
 
Figure. 1.1 A 3-D finite wing decoupled into a series of 2-D airfoils and into a series 
of horseshoe vortices 
X
Z
Y
V∞
α
Γ
Γ
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There are several variations of lifting-line method, for example the adaptation of 
the Weissinger’s method present by Wickenheiser and Garcia, which can be used for 
wings with arbitrary planform, but cannot calculate fully 3D geometries [13].  The 
method that we have developed is based on the adaptation of Prandtl’s lifting-line 
method developed by Phillips and Snyder [14].  This method is derived from the 
classical lifting-line method, but it is generalized to correct for the violations of the 
classical lifting-line theory for wings with sweep and dihedral.  This method 
synthesizes the 3D finite wing into a series of 2D horseshoe vortices distributed at the 
quarter chord as seen in Figure 1.1.  It uses Prandtl’s theory [15] but instead of using 
the two dimensional Kutta-Joukowski law, this method is based on a fully three 
dimensional vortex lifting law.  This modification allows it to be used for systems of 
arbitrary camber, sweep and dihedral.  Furthermore with this method we can compute 
the aerodynamic forces for out-of-plane wing configurations which conventional 
lifting-line methods do not. This lifting method has been verified both by wind tunnel 
testing and CFD modeling, using Fluent, for other non-linear system of lifting surfaces 
[16]. 
A lifting-line approach is being used because it is a fast computational approach 
with a low order model compared to CFD for analysis of different morphing 
configurations.  The wing configuration that will be analyzed in this paper is a wing 
configuration that has two panels, an out-of-plane dihedral section and a horizontal 
configuration, like a V shape wing configuration as seen in Figure 1.2. An analysis of 
both symmetric and asymmetric wing shapes, as seen in Figure 1.2 and 1.3 
respectively, will be performed.  All the wings analyzed have the same reference area 
and length, therefore foreshortening the effective span of the wing as the dihedral 
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angle increases. The lift characteristics for wings with and without flaps will be 
performed for both symmetric and asymmetric wing configurations. 
 
Figure. 1.2 Symmetric V Shaped Wing 
 
Figure. 1.3 Asymmetric V Shaped Wing 
1.3.2 Lift characteristics for symmetric wings without flaps 
The lift characteristics of the V shaped wings without flap deflection will vary as a 
function of the dihedral angle. The lift distribution is plotted in Figure 1.4 for a flat 
wing and two V shaped wings with dihedral angles of 25 and 45 degrees with the 
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same reference area.  As it can be seen in Figure 1.4, the lift distribution decreases as 
the dihedral angle is increased.  The decrease in lift is due to the lateral component of 
lift force the dihedral part has, therefore decreasing the vertical lift force.  Another 
factor that had an effect on the decrease of lift is the foreshortening of the wing as the 
dihedral increases which decreases the effective planform area of the lifting surface.  
This explains why the lift decreases throughout the span instead of only where some 
dihedral is present. From Figure 1.4 we see that the dihedral effect, loss of lift due to 
dihedral, increases as dihedral angle increases as it was expected. 
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Figure. 1.4 Section lift distribution for symmetric wing 
Figure 1.5 shows the plot of the lateral aerodynamic force. As mentioned before the 
dihedral component induces a lateral force. However, since the wing is symmetric the 
overall resultant force will be zero, since each dihedral part has an equal but opposite 
force as it can be seen in Figure 1.5. Even though the resultant lateral force is zero this 
characteristic could still be useful. For example, it could provide roll control.  In 
addition, if flaps are located on the dihedral part of the wing it can provide yaw control 
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which can provide some interesting characteristics that can be applied to perform 
different maneuvers that conventional aircrafts cannot. 
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Figure. 1.5 Lateral aerodynamic force distribution for symmetric wing 
1.3.3 Lift characteristics for an asymmetric wing without flaps 
Another type of wing configuration of interests is an asymmetric wing as seen 
previously in Figure 1.3.  Figure 1.6 shows the lift distribution for a flat wing and two 
asymmetric wings with dihedral angles of 25 and 45 degrees with a constant reference 
area and without flap deflections. Similar to the symmetric V shaped wings, we see a 
decrease in lift as the dihedral angle is increased. However, for the asymmetric the lift 
distribution is also asymmetric, as expected. Once again, the decrease in lift is due to 
the horizontal force induced by the dihedral component and the foreshortening of the 
wing which decreases the effective planform area of the overall lifting surface. Due to 
the asymmetric lift distribution there will be a roll moment induced on the wing. 
 9 
 
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
S
e
c
ti
o
n
 L
if
t 
F
o
rc
e
Dimensionless Spanwise Coordinate (y/L)
 
 
Flat wing
25 Deg dihedral
45 Deg dihedral
 
Figure. 1.6 Section lift distribution for asymmetric wing 
Figure 1.7 shows the lateral aerodynamic section force for the asymmetric wings.  
Contrary to the symmetric wing, where the lateral resultant forces were zero, the 
asymmetric wing has a resultant lateral force from the asymmetric dihedral section.  
As expected, the lateral forces increases as the dihedral angle of the wing increases.  In 
addition, from the plot it can be seen that the lateral force has a significant value of the 
total lift force.  For example, the asymmetric wing with a 25 degree dihedral the lateral 
force is about 15% of the lift force. This lateral force can lead to significant 
applications to morphing aircraft.  In addition, the resultant lateral force can allow an 
aircraft to perform maneuvers that conventional aircraft cannot.  
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Figure. 1.7 Lateral aerodynamic force distribution for asymmetric wing 
1.3.4 Lift characteristics for a symmetric wing with flaps 
This section presents the lift characteristics for V-shaped wings with an asymmetric 
flap deflection as see in Figure 1.8.  The length of each flap is 1/8 of the total length 
and with 40% of the chord length. The flaps will be located in the middle of the 
horizontal panels of the V-shape wings as it can be seen in Figure 1.8. The wings have 
been analyzed with an asymmetric flap deflection of 10 degrees. 
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Figure. 1.8 Symmetric V Shaped Wing with asymmetric flap deflection 
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Figure. 1.9 Asymmetric V Shaped Wing with asymmetric flap deflection 
The lift distribution is plotted in Figure 1.10 for a flat wing and two V shaped 
wings with dihedral angles of 25 and 45 degrees with the same reference area and an 
asymmetric flap deflection.  As it can be seen in Figure 1.10, the lift distribution 
decreases as the dihedral angle increases similarly to the V shaped wings without flap 
seen in the previous section.  Similarly to the symmetric wing without flaps, the 
decrease on lift is due to the lateral component of lift force the dihedral section of the 
wing has and the decrease of the effective planform area of the lifting surface.  As 
expected, there is an increase in lift in the section where the positive flap deflection is 
present and a decrease in lift where there is a negative flap deflection. Since we are 
performing an asymmetric flap deflection the change in total lift compared to the 
symmetric V shape wing without flaps is negligible.  However, due to asymmetry of 
the lift distribution it produces a roll moment which will help during a turning 
maneuver.  
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Figure. 1.10 Section lift distribution for symmetric wing with asymmetric flap 
deflection 
The lateral aerodynamic force is plotted in Figure 1.11 for a symmetric V shape 
wing with asymmetric flap deflection.  Similarly to symmetric wing in the previous 
section, the lateral force is symmetric and the resultant net force is negligible since 
each dihedral part has an equal but opposite force as it can be seen in Figure 1.11.  
However we do see that the lift distribution on each dihedral part is bigger than of the 
wing without flaps due to the flap interactions on the dihedral parts, but the resultant 
force is still negligible. 
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Figure. 1.11 Lateral aerodynamic force distribution for symmetric wing with 
asymmetric flap deflection 
In this section we present the lift characteristics for asymmetric wing configuration 
with an asymmetric flap deflection as seen previously in Figure 1.9. The 
characteristics of the flaps are the same as for the symmetric wing.  Figure 1.12 shows 
the lift distribution for a flat wing and two asymmetric wings with dihedral angles of 
25 and 45 degrees with a constant reference area. Similar to the asymmetric V shaped 
wings without flap deflections, there is a decrease in lift as the dihedral angle is 
increased. As expected, due to asymmetric wing configuration and flap deflection the 
lift distribution is also asymmetric. However, for this case the asymmetry is even 
bigger due to flap deflections compared to the asymmetric wing without flaps as seen 
in Figure 1.6. 
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Figure. 1.12 Section lift distribution for asymmetric wing with asymmetric flap 
deflection 
Figure 1.13 shows the plot for the lateral aerodynamic section force for the 
asymmetric wings with asymmetric flap deflection.  Contrary to that of the symmetric 
wing, where the lateral resultant forces was zero, for the asymmetric wing there is a 
resultant lateral force from the asymmetric dihedral part.  As expected, the lateral 
forces increases as the dihedral angle of the wing increases.  Due to the flap 
interactions, the lateral force for these wings is higher than of the asymmetric wings 
without flap deflections, resulting in a higher overall lateral force. In addition, the 
lateral force has a significant value of the total lift force, for example for the 25 degree 
asymmetric dihedral wing the lateral force is about 18% of the total lift force. This 
lateral force can have significant applications to morphing aircraft.   This resultant 
force can allow an aircraft to perform maneuvers that conventional aircraft cannot.  
For example, this force will have a significant effect in the turning capabilities of an 
aircraft, as it will be explore in the following section. 
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Figure. 1.13 Lateral aerodynamic force distribution for asymmetric wing with 
asymmetric flap deflection 
1.4 Turning Flight Mechanics 
The effects of the dihedral portions, for both symmetric and asymmetric wings, 
have on the aircraft turning capabilities will be investigated in this section. Turning 
capabilities is one measurement of overall performance, since turning flight is one of 
the most common routine maneuvers for all aircraft.  Turning performance is one of 
the most important metrics of air superiority for fighter aircraft since it is a key tactical 
maneuver for a combat aircraft [17].  In addition, turning performance is important for 
aircraft maneuvering in urban environments, for example surveillance UAV, where 
the aircraft has to be able to maneuver through dense obstacles. 
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Figure 1.14. Aircraft in turning in a horizontal plane 
Turning flight is usually characterized in two categories, a steady turning flight and 
general turning. In steady turning flight the aircraft stays at a constant altitude and 
velocity in a horizontal plane.  In general turning, there may be a gain or loss of 
altitude [17].  In this study we are going to analyze the different wing configurations 
performing a steady turning flight.  The forces acting on a V shape wing aircraft in 
steady turning with bank angle μ, sideslip β and flight path angle γ can be seen in 
Figure 1.14. To generate the necessary centripetal force to perform the turn the aircraft 
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has to bank or sideslip. The equations that govern the steady turning flight are the 
following. 
The forces are summarized along the flight path as, 
 0sincos   WDT  (1.1) 
and along the normal plane as, 
     0cossincos 234321   WLLLLLL hh  (1.2) 
and along the binormal as, 
     0
cos
cossinsin
22
324321 
gR
WV
LLLLLLT hh

  (1.3) 
where T is the thrust, D is the drag, W is the weight, V is the velocity and R is the 
turning radius as defined in Figure 1.14. 
1.4.1 Coordinated turning 
To analyze the turning performance for the different symmetric V shaped wings 
and asymmetric wing, we are going to consider a steady coordinated turns.  A 
coordinated turn is a turn with zero sideslip (β) and flight path angle (γ) and the 
aircraft is correctly banked so that the lift force component balances the weight so 
there is no loss of altitude. By examining at Equations 2 and 3, we can see that the 
lateral forces from the dihedral part of the wing will completely cancel if the wing is 
symmetric.  However, if the wing is not symmetric, we can see that it will affect both 
the bank angle and the turning radius. The aerodynamic forces for all the four 
segments of the V-shaped wing are calculated using the numerical lifting-line method 
previously discussed.  The turning radius (R) and bank angle (μ) are computed by 
solving Equations 1.1, 1.2 and 1.3 simultaneously using a numerical Newton method. 
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1.5 Effects of Morphing on Maneuverability 
For the turning flight analysis, for both the symmetric and asymmetric wings with 
asymmetric flap deflections of 10 degrees, the dihedral angle where varied from 0 to 
60 degrees with increments of 5 degrees. The wing was divided in four equal sections, 
as seen in Figure 1.8, with two horizontal and two dihedral parts for the symmetric 
wing and three horizontal and one dihedral for the asymmetric wing. The simulations 
where performed for a rectangular wing of aspect ratio of 10 with a NACA airfoil of 
2412. The reference area was kept constant for all symmetric and asymmetric wings.  
As mentioned before, the velocity of 20 m/s was kept constant for the steady 
coordinated turn. The angle of attack of the aircraft is kept constant throughout the 
turning maneuver. 
1.5.1 Turning radius 
Figure 1.15 shows the plot of the turning radius as the dihedral changes from 0 to 
60 degrees.  As it can be seen in Figure 1.15 the turning radius increases as the 
dihedral angle increases for both the symmetric and asymmetric wing.  The increase in 
turning radius is due to the decreases in the overall lift of the wing due to the dihedral 
portion as it was discussed in the previous sections.  With the decrease in lift, the lift 
contribution to the centripetal force needed to perform the turning maneuver in 
equation 1.3 decreases and therefore resulting in an increase in turning radius.  
Comparing the symmetric and asymmetric wings, the turning radius for the 
asymmetric wing is smaller for all dihedral angles. For example, at a dihedral angle of 
60 degrees, the turning radius for an asymmetric wing is 30% lower than of a 
symmetric wing. Therefore an asymmetric wing is able to perform sharper turns. A 
reason for a lower turning radius for an asymmetric wing is due to the net lateral force 
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component on the dihedral portion of the wing which contributes to the centripetal 
force needed to perform the turn.  Also, the asymmetric wing has a higher overall lift 
compared to a symmetric wing at a given dihedral angle, as discussed in the previous 
section, resulting in a bigger contribution to the centripetal force to perform the turn. 
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Figure. 1.15 Turning radius for symmetric and asymmetric wings with asymmetric 
flap deflection 
1.5.2 Bank angle and load factor 
The bank angle for a coordinated turn was calculated by equating the weight to the 
total vertical lift component contribution from all the wing sections.  The bank angle is 
plotted in Figure 1.16 for both the symmetric and asymmetric wing as the dihedral 
angle is increased from 0 to 60 degrees. The bank angle needed to maintain a 
coordinated turn decreases as the dihedral angle is increased for both wings.  Again 
this is due to the decrease in the total lift resulting in a smaller bank angle needed to 
balance the weight of the aircraft.  The bank angles for the asymmetric wing are 
significantly smaller compared to both a flat and a symmetric wing.  Again the 
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resultant lateral component of the lift for the asymmetric wing contributes to balance 
the total weight of the aircraft resulting in a smaller bank angle needed to maintain a 
coordinated turn.  When performing a turn small bank angle are desirable because the 
lower the bank angle the smaller the loading that the aircraft experiences.  Therefore 
we can see that the asymmetric wing performs better than the symmetric wing. Also, 
one may observe that for a turning radius of 8, the symmetric wings banks 78.9 
degrees whereas the asymmetric wing banks 69.8 degrees. 
0 10 20 30 40 50 60
68
70
72
74
76
78
80
82
B
a
n
k
 A
n
g
le
 (
D
e
g
)
Dihedral Angle (Deg)
 
 
Symmetric
Asymmetric
 
Figure. 1.16  Bank angle for symmetric and asymmetric wings with asymmetric flap 
deflection 
The load factor is a measure of the stress to which the aircraft is subjected during 
turning flight [17].  The load factor is defined as the ratio of the lift generated during 
the turning maneuver to the weight of the aircraft and is given the following equation, 
 
W
L
n   (1.4) 
where, L is the overall lift of the aircraft and W is the weight. 
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 For a coordinated turn the load factor is a function of only the bank angle and 
is given by the following equation, 
 
)cos(
1

n  (1.5) 
From Equation 1.5, we can see that load factor is inversely proportional to the 
cosine of the bank angle. The higher the bank angle the higher the load the aircraft will 
experience during a turn.  Figure 1.17 shows the plot of the load factor experienced 
during the coordinated turn for the symmetric and asymmetric wings as the dihedral is 
changed.  As the dihedral component of the wing increases the load factor decreases 
for both the symmetric and asymmetric wings.  The addition of dihedral decreases the 
load on the aircraft during the coordinated turn compared to a wing with no dihedral 
i.e. a flat wing.  Similarly to the bank angle we can see that the loads are much smaller 
for the asymmetric wing than the symmetric wings.  Therefore the asymmetric wing 
experiences smaller loads than both symmetric and flat wings. 
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Figure. 1.17  Load factor for symmetric and asymmetric wings with asymmetric flap 
deflection 
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1.5.3 Rate of turn 
Another important metric for turning performance is the turn rate which measures 
how fast the aircraft can perform the turning maneuver (Pamadi, 1998). The turning 
rate is given by the following equation, 
 
R
V
  (1.6) 
Figure 1.18 shows the turning rate for both the symmetric and asymmetric wings.  
The turning rate decreases for both symmetric and asymmetric wing compared to a flat 
wing.  Similar to the previews parameters discussed before we can see that the 
asymmetric wing performs better than the symmetric wing. Again the asymmetric 
wing performs better because it has a resultant lateral force and a higher overall lift 
compared to a symmetric wing which helps during the turning maneuver.  The turning 
rate for the asymmetric wing are higher than of the symmetric wing, therefore 
combine with turning radius results, from Figure 1.15, the asymmetric wing can 
perform faster and tighter turns. For example, one can state that for a turning rate of 
2.48, the turning radius for a symmetric wing is 8.1, whereas for an asymmetric wing, 
the turning radius is 7.9. So, an asymmetric wing performs a tighter turn at the same 
rate resulting in an improvement in turning ability. 
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Figure. 1.18  Rate of turn for symmetric and asymmetric wings with asymmetric flap 
deflection 
1.5.4 Roll and pitch moment coefficient 
The roll moment coefficient is plotted in Figure 1.19 for both symmetric and 
asymmetric V shaped wing.  A roll moment is produced for both symmetric and 
asymmetric wings due to the asymmetric flap deflection, which produced an 
asymmetric lift distribution resulting in a moment force. For the symmetric wing the 
roll moment coefficient decreases as the partial dihedral is increased.  One of the 
factors that contributed to the decrease in the roll moment coefficient is due to the 
decrease in lift distribution as the dihedral angle is increased, as seen in Figure 1.10. 
Also, the roll moment coefficient decreases because as the dihedral angle increases the 
position of flaps gets closer to the center resulting on a decrease in the effective 
moment arm due to the asymmetric lift distribution from the flap deflections.   The roll 
moment coefficient for the asymmetric wing does not decrease as the dihedral angle 
increases. There is even an small increase for some dihedral angles.  Even though 
there is a decrease in the lift distribution and in the moment arm, the roll moment does 
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not decrease because there is also a roll moment produced by the spanwise force on 
the asymmetric dihedral portion of the wing.  This results in roll coefficient staying 
constant and even increasing when the lateral force contributions are bigger than the 
losses due to smaller moment arm and decrease in lift. 
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Figure. 1.19 Roll moment coefficient for symmetric and asymmetric wing with 
asymmetric flap deflection 
Figure 1.20 shows the plot of the pitch moment coefficient for the symmetric and 
asymmetric wings.  We can see that the pitch moment magnitude also decreases as the 
dihedral angle is increased for both symmetric and asymmetric wings.  The magnitude 
of the pitch moment is also larger for the asymmetric wing as the dihedral angle is 
changed.  If we recall from Figures 1.10 and 1.12, the overall lift for an asymmetric 
wing were higher than a symmetric wing, therefore the higher lift forces results in 
higher pitch moments for the asymmetric wing. 
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Figure. 1.20 Pitch moment coefficient for both symmetric and asymmetric wings with 
asymmetric flap deflection 
In this section we have shown how the turning performance is affected by the 
addition of symmetric and asymmetric dihedral angles to a wing. The addition of the 
dihedral impacts all the turning metrics addressed previously. The dihedral part of the 
wing impacts both positively and negatively on the different turning metrics.  A 
summary of the effects of the dihedral on the turning performance for the different 
turning metrics can be seen in Table 1.1.  Table 1.1 compares the effects on the 
different turning measurements for a flat wing, with no dihedral, a symmetric wing 
and an asymmetric wing. 
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Table 1.1 Summary of the Effect of Different Turning Performance Metrics for the 
Wings Analyzed 
Wing Type Summary of the effects on turning performance  
Flat  
(No dihedral) 
 Smallest turning radius 
 Larger bank angle 
 Highest load factor 
 Higher turning rate 
 Roll moment is larger than a symmetric wing but smaller than 
an asymmetric wing with large dihedral angles  
Symmetric 
dihedral 
deflections 
 Turning radius increases with dihedral angle 
 Bank angle decreases with dihedral angle 
 Load factor decreases with dihedral angle 
 Turning rate decreases with dihedral angle 
 Roll moment decreases with dihedral angle 
Asymmetric 
dihedral 
deflections 
 The increase in turning radius is smaller than for a symmetric 
wing 
 Smaller bank angles compared to flat and symmetric wings 
 Lower load factors than for flat and symmetric wings 
 The decrease in turning rate is smaller than for a symmetric 
wing 
 Roll moments stay nearly constant for small dihedral angles and 
increases for large dihedral angles 
1.6 Conclusion 
For turning flight, we have shown that the asymmetric wing performs better than a 
similar symmetric wing for the following turning performance metrics, turning radius, 
bank angle, loading factor, turning rate and roll moment coefficient.  Even though the 
turning radius and turning rate performances decreases as the dihedral is added to the 
wing, there are some large improvements due to decrease of both the bank angle and 
load factors compared to a flat wing.  For the asymmetric wing at dihedral angles 
between 0 to 30 degrees we can see that there is no significant increase in turning 
radius, of about 6%, and a decrease of 6.5% in turning rate compared to a flat wing 
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with no dihedral, but there are significant improvements with a decrease of 11% in 
bank angle and a decrease of 50% in the loading factor. At this range the addition of 
dihedral makes the wing perform much better than a flat wing.  For missions where 
the turning radius and turning rate are important, we can get significant improvements 
by asymmetrically changing the dihedral angle from 0 and 30 degrees, where we get a 
decrease in both the bank angle and load factor with just a small decrease of 
performance in turning radius and turning rate. Shape changes of dihedral angles 
higher than 30 degrees are good for missions where small bank angles are important 
and the ability of make sharp and fast turns are not as important. For example a 
surveillance missions where you want to keep your sensors pointing in a certain 
direction, therefore large changes in the aircraft orientations, like in the bank angle, 
are not desirable.  
We have shown that the asymmetric wing have higher roll moment control 
compared to a symmetric wing.  Asymmetric wing changes can produce big 
improvements in turning performance, for example by reducing the bank angles and 
loading factor, without a loss of roll control authority.  Manipulating the dihedral 
angles, either by symmetric or asymmetric wing shape changes, we can affect the 
turning capabilities of an aircraft to perform a variety of different missions depending 
on the importance of each of the turning performance measurement discussed. 
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 CHAPTER 2 
 AERODYNAMIC SIMULATION, WIND TUNNEL TESTING AND CFD 
FLOW VISUALIZATION OF CLOSE PROXIMITY AERODYNAMICS 
OF TWO LINKED UAVS
*
 
2.1 Abstract 
This paper presents an analysis of close proximity aerodynamics of two UAVs 
attempting to link in mid-air.  As the UAV approach each other for this wingtip 
docking maneuver there will be strong aerodynamic coupling between the UAV wings 
tips. Modeling the aerodynamic coupling effects on all the forces and moments is 
essential to determine a trajectory and controls for each UAV to perform the docking 
maneuver. Lifting line simulations and Computational Fluid Dynamics (CFD) 
simulation as well as wind tunnel testing of the close proximity effects on lift, drag, 
roll, pitch and yaw moments for two UAV wings has been performed. The 
computational aerodynamics simulations are done utilizing a modern adaptation of 
lifting-line method, which is based on a fully three-dimensional vortex lifting law. The 
proximity aerodynamics effects between the UAVs wings are analyzed as a function 
of its relative position in all three directions: chord-wise (x – direction), span-wise (y – 
direction), and vertical direction (z – direction). An aerodynamic disturbance intensity 
field is generated, utilizing both simulation and wind tunnel data, to determine the 
                                                 
*
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forces acting on the aircraft in 3-D space.  CFD flow visualization has also been 
performed to gain insight into the flow physics.  
2.2 Introduction 
Currently, UAVs are heavily used for Intelligence, Surveillance and 
Reconnaissance (ISR) missions.  One advantage of using UAVs for ISR missions is 
that they can be rapidly deployed from any airfields due to their small wingspan.  
However, having a small aspect ratio wing also limits its range and endurance [1].  An 
effective ISR platform requires its units to be rapidly deployable, have long range and 
endurance capabilities. It is known that large aspect ratio wings aircraft has better 
aerodynamic efficiency due to the reduction of induce drag for the given lift [1, 2] .  
Wingtip docking UAVs in midair to form a linked UAV system will increases the 
effective aspect ratio of the linked aircraft. The larger aspect ratio of the linked UAV 
leads to an improvement in overall aerodynamic efficiency due to the decrease of the 
induce drag as previously mentioned. The improvements in aerodynamic efficiency 
are similar to the improvements seen in formation flight [3, 4], but without having the 
trailing aircraft fly in the vortex wake of the leading aircraft which can lead to both 
stability and control problems [5, 6].  The linked UAV concept allows for rapidly 
deployable ISR platform using individual UAVs with wingspans small enough to be 
deployed from small aviation airfields. Individual UAVs will link at high altitude to 
create an aerodynamically efficient aircraft which has long endurance capabilities and 
can be able to cruise for extended periods significantly reducing their power loads. 
One might even consider scenario where some aircraft in the linked formation might 
reduce thrust or shutdown to radically increase endurance of the formation. 
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This paper presents an analysis of close proximity aerodynamics of two UAVs 
linked at their wing tips.  As the UAV approach each other for wingtip docking there 
are strong aerodynamic coupling between the UAV wings tips [7, 8]. Determining the 
aerodynamic coupling effects on all the forces and moments on each vehicle is 
essential to determine a trajectory and controls for each UAV to perform the docking 
maneuver. Lifting-line simulation, Computational Fluid Dynamics (CFD) simulation 
and wind tunnel testing of the close proximity effects on all the aerodynamic forces 
and moments for two UAV wings will be performed. The aerodynamic simulations are 
performed utilizing a modern adaptation of Prandtl’s lifting-line method, which is 
based on a fully three-dimensional vortex lifting law. The proximity aerodynamics 
effects between the UAVs wings will be analyzed as a function of its relative position 
in all three directions: chord-wise (x – direction), span-wise (y – direction), and 
vertical direction (z – direction). An aerodynamic disturbance intensity field is 
generated, utilizing both simulation and wind tunnel data. In turn this forces and 
moments from this field are employed to determine an optimal trajectory for the two 
UAVs to approach each other for docking.  CFD flow visualization of the vortex 
interaction between the two wings will also be presented. 
2.3 Aerodynamic Model 
2.3.1 Adaptation of lifting-line method 
As the UAVs fly in close proximity to each other there will be strong aerodynamic 
coupling between them. As the UAVs approach each other, to link in midair, it will 
experience different aerodynamic forces and moments depending on its relative 
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position and flight condition. To determine trajectories for docking and analyze the 
aircraft dynamics, an understanding of the close proximity aerodynamic forces and 
moments that act upon the UAV wings are needed. An aerodynamic analysis for both 
varying relative positions between the UAVs and flight condition are required.  A 
computational fluid dynamics (CFD) package would not be efficient, since a new 
mesh would be needed for every relative position and flow field configuration, 
resulting in high computational cost.  Instead, we are utilizing an approach to 3D 
modeling which incorporates a modern adaptation of Prandtl’s lifting-line method, 
based on a fully three-dimensional vortex lifting law that we have developed [9, 10].   
There are several variations of lifting-line method, for example the adaptation of 
the Weissinger’s method present by Wickenheiser and Garcia, which can be use for 
wings with arbitrary planform, but cannot calculate fully 3D geometries [11].  The 
method that we have employed is based on the adaptation of the Prandtl’s lifting-line 
method developed by Phillips and Snyder [12].  This method is derived from the 
classical lifting-line method, but it’s generalized to correct for the violations of the 
classical lifting-line theory for wings with sweep and dihedral.  This method 
synthesizes the 3D finite wing into a series of horseshoe vortices distributed at the 
quarter chord as seen in Figure 2.1.  It uses the Prandtl’s theory [13] but instead of 
using the two dimensional Kutta-Joukowski law, this method is based on a fully three 
dimensional vortex lifting law.  This modification allows it to be used for systems 
surfaces of arbitrary camber, sweep and dihedral.  Furthermore, with this method we 
can compute the aerodynamic forces for a system of lifting surfaces with arbitrary 
position and orientation which conventional lifting-line methods do not.  
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Figure. 2.1 A 3-D finite wing decoupled into a series of 2-D airfoils and into a series 
of horseshoe vortices. 
A lifting-line approach is being used because it is a fast computational approach 
with a low order model compared to CFD for aerodynamic analysis of different 
relative separations. The speed of this method allows to determine the aerodynamic 
forces and moments acting on each UAV wing as a function of its relative separation 
in all directions and its corresponding angle of attacks.  An aerodynamic intensity field 
between two UAVs wings will be performed as a function of its relative position in all 
three directions: chord-wise (x – direction), span-wise (y – direction), and vertical 
direction (z – direction) as seen in Figure 2.2. 
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Figure. 2.2  Coordinate frame for the relative separation between the two UAV wings. 
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2.3.2 Close proximity aerodynamic analysis 
The lift characteristics of the UAV wings will vary as a function of its relative 
separation and orientation. The behavior of the lift characteristic will vary depending 
on the direction the UAV wings approach each other.  In addition, it is expected, for 
wings in formation, the wing flying in front to have different lift characteristic than a 
wing flying behind in the vortex wake of the leading wing.  In this section we are 
going to examine how the lift distribution, lift, drag, roll, pitch and roll moments 
coefficients changes for two UAV wings separated in the following scenarios: only in 
the chord-wise, span-wise and vertical direction as shown schematically in Figure 2.3. 
The wings studied in this section have a rectangular planform area. It has a LA2573A 
airfoil and an aspect ratio of 8. 
x
z
y
a) b)
c)
 
Figure. 2.3 a) UAV wings separated only in the chord-wise direction. b) UAV wings 
separated only in the span-wise direction. c) UAV wings separated only in the vertical 
direction. 
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The lift distribution of two UAV wings for different separation only in the chord-
wise direction and for wing with double the aspect ratio as of a single UAV wings are 
plotted as a function of position along the span for an angle of attack of 6 degrees in 
Figure 2.4.  For this case, where the wings are separated only in the chord-wise 
direction, the two wings are in the same vertical position and the wing tips of the left-
hand side and the right-hand side wings are aligned as seen in Figure 2.3a. Figure 2.4 
plotted data correspond to the scenario seen in Figure 2.3a, where the left data 
corresponds for wing in the front and the right data corresponds to the trailing wing.  
When the two UAVs are far away from each other, i.e. infinite separation, the lift 
distributions for each individual wing correspond to that of a single wing by itself, as 
expected.  
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Figure. 2.4 Lift distribution for two UAV wings separated only in the chord-wise 
direction at different separations. 
As the UAVs start getting closer to each other, we see the aerodynamic coupling 
between the two wings increases.  These effects can be seen in Figure 2.4, where the 
lift distribution around the wing tips at y/L = 0.5, as the value for x separation varies. 
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Most of the aerodynamic coupling occurs around the wing tips due to the vortex 
interactions and to the change in flow condition around that section due to the 
presence of the other wing.  The lack of symmetry in the lift distributions indicates 
that there is a roll moment about the mid-span axis for each wing, but stronger for the 
right wing.  From the results in Figure 2.4, it is clear that the total lift, which is 
proportional to the area under the section lift distribution curve, increases as the 
separation decreases for both wings. As the separation decreases to zero, where the 
two wings are linked, the lift distribution of the two UAV wings will approach the lift 
distribution of a single wing with double its aspect ratio, represented by the solid line.   
Comparing the lift distributions of the left and right wings at given separation, we 
can see that they are not symmetric.  For example, for a 5 chord-lengths separation we 
see that the lift distribution for the left wing is about the same as of a single wing, but 
for the right wing, which is flying behind the left wing, we see that there is a 
significant increase in the section lift distribution.  The increase in aerodynamic 
disturbance for the UAV wing flying behind is due to the wing tip trailing vortex 
shedding from the front UAV wing. This phenomenon is similar to what is seen in 
formation flying where the trailing aircrafts benefits from the trailing vortex shedding 
of the lead aircraft [3, 4, 14]. However, as the separation between the UAVs wings 
gets small, the front UAV wing is also subjected to the flow field interactions that the 
back UAV induces upstream with its bound and trailing wing vortex [15].  The 
asymmetry in the section lift distributions between each wing disappears as the 
separation gets close to zero.  As seen in Figure 2.4, the lift distribution for a 
separation of 0.1 chord lengths is symmetric. 
The lift distribution of two UAV wings for different separation only in the span-
wise direction and for wing with double the aspect ratio as of a single UAV wings are 
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plotted as a function of position along the span for an angle of attack of 6 degrees in 
Figure 2.5.  For this case, the wings are separated only in the span-wise direction and 
the two wings are in the same vertical position. The leading edges of both wings are 
aligned as seen in Figure 2.3b. Figure 2.5 plotted data correspond to the scenario seen 
in Figure 2.3b, where the left data corresponds for wing on the left and the right data 
corresponds to the wing on the right.  When the two UAVs are far away from each 
other, 5 chord-length or higher, the lift distributions for each individual wing 
correspond nearly to that of a single wing by itself as it can be seen in Figure 2.5. 
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Figure. 2.5 Lift distribution for two UAV wings separated only in the span-wise 
direction at different separation values 
As the wings approach each other, we start seeing the aerodynamic coupling begin 
to distort the lift distribution as in the previous case. Again, most of the aerodynamic 
coupling occurs around the wing tips due to the change in flow condition around the 
wing tip.  The lack of symmetry in the lift distributions when the wings fly in close 
proximity indicates that there is a roll moment about the mid-span axis, opposite to 
each other, thus repelling any attempt to dock.  Contrary to the results for the chord-
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wise separation, the lift distributions of the left and right wings at given span-wise 
separation are symmetric. In this case since both the leading and trailing edges for 
both wings are aligned, as the wings get closer, both will experience the same change 
in flow conditions and vortex interaction around the wing tips.  As the separation 
decreases to zero, where the two wings are linked, the lift distribution of the two UAV 
wings will approach the lift distribution of a single wing with double its aspect ratio.   
The section lift distribution of two UAV wings for separation only in the vertical 
direction, as seen in Figure 2.3c, behaves similar to the section lift distribution for 
separation in the span-wise separation. For this case the lift distribution for both wings 
have a small asymmetric at the given separations.  However, the asymmetry is not as 
big as what was seen for the chord-wise separation. Even though both wings will 
experience the same flow conditions because the leading and trailing edges for both 
wings are aligned with each other, the small asymmetry in lift distribution occurs 
because the wings that are positioned above and below will experience different wing 
tip vortex interaction due to the directions of the vortices.  The asymmetric in the lift 
distribution gets stronger at small separation because the vortex interaction also gets 
stronger at small separations.   
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Figure. 2.6 Close proximity lift coefficient effects as a function of separation 
The lift distributions generated in Figures 2.4 & 2.5 are plotted as coefficients of 
lift and drag in Figure 2.6 and 2.7. The drag is, of course, the induced drag. The total 
lift and drag coefficients for two UAV wings for the chord-wise, span-wise and 
vertical separation are plotted as a function of separation for an angle of attack of 6 
degrees in Figure 2.6 & 2.7 respectively.  The lift and drag coefficient increases as the 
wing separation decreases. The increase of both forces is especially strong after the 
separation is below 1 chord length, and the maximum lift occurs when then the two 
wings are joined.  As previously mentioned, we can see that lift and drag coefficients 
for chord-wise separation are different for the front and back wings.  The front wing 
starts behaving as a single wing for separation above 8 chord lengths.  However, the 
back wing has higher lift coefficient for a larger range of separation.  From Figure 2.6 
& 2.7, we can see that the proximity effects for the back wing extend pass the 10 
chord length.  The effects for the back wing extend for larger range because the wing 
is affected by the vortex shedding from the front wing. Also our analysis is inviscid, so 
the vortex effects can be propagated in the simulation.  
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Figure. 2.7 Close proximity drag coefficient effects as a function of separation 
For the span-wise and vertical separations the close proximity effects on the lift and 
drag coefficient dies out quicker than the chord-wise separation.  From Figure 2.6 & 
2.7, the close proximity effects for both the span-wise and vertical separations are 
negligible for separation above 4 chord lengths.  Comparing the lift coefficient for a 
single UAV wing and two linked UAVs wings there is an increase of about 15%. 
Comparing the induced drag coefficient for a single UAV wing and the maximum 
induced drag between two UAVs wings there is an increase of about 50%.  Contrary 
to the lift coefficient, the maximum drag does not occur when the two UAV wings are 
linked.  From Figure 2.7, we can see that the maximum induced drag occurs around 
0.5 chord lengths for the front wing separated in the chord-wise direction. 
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Figure. 2.8 Close proximity roll moment coefficient effects as a function of separation 
As seen in Figure 2.4 and 2.5, the close proximity aerodynamic effects induces an 
asymmetric lift distribution around the UAV wings.  The asymmetry in the lift 
distributions will yield a roll moment about the semi axis span. The roll and pitch 
moment coefficients for two UAV wings for the chord-wise, span-wise and vertical 
separation are plotted as a function of separation in Figure 2.8 and 2.9, respectively 
(AoA = 6°).  As the UAV wings are far away from any aerodynamic interactions the 
roll moment is zero. Similar to the other aerodynamic coefficients, the roll moment 
coefficient magnitude increases as the wing separation decreases. As the UAV wings 
get closer, each will induce an opposite roll moment on each other as seen in Figure 
2.8.  The magnitude of roll moment coefficient for chord-wise separation are also 
different for the front and back wings as seen in Figure 2.8.  The range of the close 
proximity effects on roll moment are the same as for the lift coefficient, for the chord-
wise separation it extends pass 10 chord-length and for the span-wise and vertical 
separation extends until about 4 chord lengths. 
 44 
 
0 2 4 6 8 10
-0.049
-0.048
-0.047
-0.046
-0.045
-0.044
-0.043
P
it
c
h
 M
o
m
e
n
t 
C
o
e
ff
ic
ie
n
t
Wings Separation (Chord Length)
0 2 4 6 8 10
0.07
0.08
0.09
0.1
D
ra
g
 C
o
e
ff
ic
ie
n
t 
(C
d
)
Wings Separation (Chord Length)
 
 
X separation Front
X separation Rear
Y separation Left
Y separation Right
Z separation Bottom
Z separation Top
 
Figure. 2.9 Close proximity pitch moment coefficient effects as a function of 
separation 
The pitch moment coefficient magnitude increases as the wing separation 
decreases. The increase in pitch moment is especially strong after the separation is 
below 1 chord length. The pitch moment coefficients for chord-wise separation are 
also different for the front and back wings as seen in Figure 2.9.  The range of the 
close proximity effects on pitch moment are the same as for the lift coefficient, for the 
chord-wise separation it extends pass 10 chord-length and for the span-wise and 
vertical separation extends until about 4 chord lengths. 
Due to the asymmetry in the lift distributions seen in Figures 2.4 and 2.5 it will also 
induce a yaw moment as the wings approach each other, as seen in Figure 2.10. As the 
UAV wings are far away from any aerodynamic interactions the yaw moment is zero. 
Similar to the other aerodynamic coefficients, the yaw moment increases, and are 
opposite to each other, as the wing separation decreases. The magnitude of yaw 
moment coefficient for chord-wise separation are also different for the front and back 
wings as seen in Figure 2.10. A difference for the yaw moment compared to the other 
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aerodynamic coefficients is that the yaw moment we can see a more nonlinear 
behavior. 
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Figure. 2.10 Close proximity yaw moment coefficient effects as a function of 
separation 
2.3.3 Close proximity aerodynamic intensity field 
The objective of the close proximity aerodynamic analysis between two UAV 
wings is to generate an aerodynamic intensity field which will be used to determine 
forces acting between the approaching aircraft.  Utilizing the lifting line method 
presented in the previous section we will compute all the aerodynamic forces and 
moments, lift, drag, roll, pitch and yaw, for the two wings for different separations in 
all three directions and different angles of attack for each wing. In Table 2.1, contains 
the wing and simulation parameters used to develop the aerodynamic intensity field.  
The nominal angle of attack that the UAVs will fly is around 6 to 8 degrees, therefore 
a computing range from 2 to 12 degrees angle of attack for each wing has been 
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chosen. For the x separation a range between 0 to 40 chord lengths has been chosen.  
As we can recall from the previous section, the close proximity effects for all forces 
and moments for a chord-wise separation extended pass 10 chord lengths.  It was 
determined that most of the aerodynamic coupling between the two wings dies out by 
40 chord lengths.   For the y and z separation the range computed is from 0 to 10 
chord lengths. From the previous section we notice that in these two directions there is 
no aerodynamic coupling beyond 10 chord lengths. Table 2.1 also presents the data 
points computed for each of the simulation parameters. A total of 97,344 simulations 
were run to compile the aerodynamic intensity field. 
 
Table 2.1 Wing and simulation parameters for the aerodynamic intensity field 
computed 
Wing and simulation parameters Data points Computed 
Airfoil LA2573A 
 
Planform  Rectangular 
 
Aspect ratio 4.5 
 
Angle of attack W1 2° to 12° 2, 4, 6, 8, 10, 12 
Angle of attack W2 2° to 12° 2, 4, 6, 8, 10, 12 
X separation 0 to 40c 
0, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10, 20, 30, 40 
Y separation 0 to 10c 
0, 0.05, 0.1,0 .2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10 
Z separation 0 to 10c 
0, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10 
2.4 Wind Tunnel Testing 
Wind tunnel tests for close proximity aerodynamic effects of two wings were 
performed to compare with the prediction from the lifting-line method. The wind 
tunnel setup consists of a complete (full) wing and a half wing with a rectangular 
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planform and an aspect ratio of 4.5 as seen in Figure 2.11. The wings have a chord of 
3 inches and a span of 13.5 and 6.75 inches for the full and half wing, respectively. 
The full wing was used to measure the aerodynamic forces and moments using a 6 
degree-of-freedom JR3 load cell, which measures lift to 25 lb with a resolution of less 
than 0.01 lb. Tests use the Cornell University environmental wind tunnel facility, an 
open return wind tunnel with a 48” x 43” test section. A splitter plate was attached to 
the half wing to emulate a full wing. The full wing remained stationary and the half 
wing was able to move in all three directions chord-wise (x – direction), span-wise (y 
– direction), and vertical direction (z – direction).  
 
Figure. 2.1 Wind tunnel setup of the two UAV wings. 
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2.4.1 Chord-wise separation tests 
-4 -3 -2 -1 0 1 2 3 4
0.7
0.75
0.8
0.85
0.9
0.95
1
Lift Forces
L
if
t 
C
o
e
ff
ic
ie
n
t
Separation, chord
 
 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
0.7
0.75
0.8
0.85
0.9
0.95
1
Lift Forces, V = 20.3 MPH
L
if
t 
C
o
e
ff
ic
ie
n
t
Separation, chord
 
 
Experimental
Simulation
 
Figure. .12 Predicted and measured lift coefficient for two UAV wings separated in 
the chord-wise direction 
The lift coefficient for two UAV wings separated in the chord-wise direction for 
both predicted and measured are plotted as a function of separation for an angle of 
attack of 9 degrees in Figure 2.12.  Since only the full wing is attached to a load cell, 
we tested both positive and negative separation values.  In Figure 2.12, the positive 
separations corresponds for when the full wing is behind the half wing and negative 
separations for when the full wing is in front of the half wing. Due to limited space in 
the wind tunnel testing area, tests will be performed for a range of separations between 
-3 and 3 chord lengths.   We can see that the measured values for the lift coefficients 
have a good agreement with the predicted values from the lifting-line method. In 
addition, for chord-wise separation, the measured results verifies that there is higher 
lift coefficient for the rear wing is behind (positive separation) than for the front wing. 
 49 
 
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
Roll Moment
R
o
ll 
M
o
m
e
n
t 
C
o
e
ff
ic
ie
n
t
Separation, chord
 
 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
0.7
0.75
0.8
0.85
0.9
0.95
1
Lift Forces, V = 20.3 MPH
L
if
t 
C
o
e
ff
ic
ie
n
t
Separation, chord
 
 
Experimental
Simulation
 
Figure. 2.13 Predicted and measured lift coefficient and roll moment coefficient for 
two UAV wings separated in the chord-wise direction 
The roll moment coefficient for two UAV wings separated in the chord-wise 
direction for both predicted and measured are plotted as a function of separation 
Figure 2.13. Figure 2.13 shows the results for both positive and negative separations, 
where positive separations corresponds to the full wing in the rear of the half wing and 
the negative separations corresponds to the fill wing in front of the half wing. For the 
roll moment coefficient we can see that there is a good agreement between the 
measured and predicted values from the lifting-line method.  The agreement is not as 
good as for the lift coefficient but we can see that both the measured and predicted 
values have the same trends. The roll moment coefficient increases as the separation 
decreases.  For chord-wise separation, the measured results verify that there is higher 
roll moment coefficient for the rear wing (positive separation) than for the front wing. 
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2.4.2 Vertical separation tests 
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Figure. 2.14  Predicted and measured lift coefficient for two UAV wings separated in 
the vertical direction 
The lift coefficient for two UAV wings separated in the vertical direction for both 
predicted and measured are plotted as a function of separation for an angle of attack of 
9 degrees in Figure 2.14.  Since only the full wing is attached to a load cell, we tested 
both positive and negative separation values. In Figure 2.14, positive separations 
correspond to the full wing below the half wing, and negative separations correspond 
to the full wing above the half wing. Due to limited space in the wind tunnel testing 
area, tests will be performed for a range of separations between -2 and 2 chord lengths. 
We can see that the measured values for the lift coefficients have good agreement with 
the predicted values from the lifting-line method. As expected, the lift coefficient 
increases as the separation decreases, as mentioned in the previous sections.  In 
addition, for vertical separation, the measured results verify that there is a small 
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asymmetry in the lift coefficient between the wings that are above and below.  
Comparing Figure 2.12 and 2.14, the differences between the lift coefficient values are 
not as big as it was seen for chord-wise separation. For the roll moment coefficient, 
similar to the lift coefficient, there is a good agreement between the measured and 
predicted values from the lifting-line method as seen in Figure 2.15.  The roll moment 
coefficient increases as the separation decreases.   
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Figure. 2.15 Predicted and measured lift coefficient and roll moment coefficient for 
two UAV wings separated in the vertical direction 
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2.4.3 Span-wise separation tests 
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Figure  2.16 Predicted and measured lift coefficient for two UAV wings separated in 
the span-wise direction 
The lift and roll moment coefficient for two UAV wings separated in the span-wise 
direction for both predicted and measured are plotted as a function of separation in 
Figure 2.16 and 2.17 respectively.  For span-wise separation since both wings will 
experience the same close proximity aerodynamic effects, as discussed in the previous 
section, we tested only for positive separation values. Due to limited space in the wind 
tunnel testing area, tests were performed for only up to 2 chords separation. We can 
see that the measured values for the lift coefficients have a good agreement with the 
predicted values from the lifting-line method. The agreement is not as good as for the 
lift coefficient for the other two cases but we can see that both the measured and 
predicted values have the same trends. The maximum difference between measured 
and predicted values is of about 5%. A source for the discrepancy between the 
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measured values of lift for the span-wise separation and the other two cases is that for 
this case the wings are moving closer to the wind tunnel walls, which could increase 
the wall effects.  The lift coefficient increases as the separation decreases, as 
mentioned in the previous sections. For the roll moment coefficient, once again there 
is good agreement between the measured and predicted values.  The agreement is not 
as good as for the lift coefficient but we can see that both the measured and predicted 
values have the same trends. As expected, the roll moment coefficient increases as the 
separation decreases.   
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Figure. 2.17 Predicted and measured roll moment coefficient for two UAV wings 
separated in the span-wise direction 
2.5 CFD Flow Visualization 
The objective of this study was to investigate the proximity aerodynamics effects of 
rectangular wings with Computational Fluid Dynamics (CFD) methods. When 
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coupled with experimental data, CFD flow visualization techniques can enable a better 
understanding of the aerodynamics that will affect a docking UAV. The problem was 
simulated using ANSYS 12.0 Workbench, a finite element solution software package, 
and Fluent, a CFD solver. A single wing simulated at varying angles of attack was 
used to validate the simulation method against previous wind tunnel and lifting line 
data. Two docking wings were then simulated for chord-wise, span-wise, and vertical 
approaches. Force and moment coefficient data was compared to lifting line 
predictions. Streamline visualization plots were also used to analyze the qualitative 
behavior of the system’s aerodynamics. The streamlines indicated a potential for 
wingtip vortex mixing, a source for buffeting that could negatively affect the two 
UAVs flying at close proximity.     
2.5.1 Methods 
A full body simulation of two docking wings in all three directions, as shown in 
Figure 2.18, was conducted using ANSYS 12.0 with Fluent. In all simulations, a 
rectangular plan-form wing with an aspect ratio of 4.5 was used. Angles of attack and 
velocities were chosen to match experimental data [7]. The Reynolds number of the 
simulations was 98,000, similar to that of the wind tunnel data. The K-Omega two-
equation turbulence model with standard wall functions was implemented for all 
simulations. All simulations in this study were performed using the k-omega Reynolds 
Averaged Navier Stokes (RANS) model [16]. This two-equation turbulence model 
was chosen for its ability to adequately resolve turbulent flows at relatively low 
computational cost [17]. Work by Ahmad, et al suggests that qualitative characteristics 
of wingtip vortex formations are adequately modeled by unstructured RANS methods 
[18]. The present work similarly assumes that the solver is adequately capable of 
 55 
 
resolving qualitative behaviors in order to evaluate the relative merits of different 
docking approach paths. 
 
Figure. 2.18 Two full-body docking wing geometry and flow domain 
2.5.2 Two wing docking 
The flow domain and geometry of the two docking wings used for meshing is 
shown in Figure 2.18. The mesh strategy was adapted from methods used by Ahmad 
[18] and Alley [19]. A far-field inlet was created 12.5 chord-lengths in front, top and 
to the side of the wing, and 20 chord-lengths behind the wing. The geometry was 
meshed with the ANSYS 12.0 Workbench Mesher. A hybrid grid was implemented. A 
structured mesh was used near the wing surface to capture boundary layer effects and 
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in the wake region to capture wake and vortex effects. The remaining volume was 
meshed with tetrahedrons. The smallest elements were placed near regions where 
vortices were expected to form. The typical mesh size was 1.3 million cells. An 
overall view of the meshed geometry is provided in Figure 2.19a.  A close-up view of 
the structured mesh around the wing is provided in Figure 2.19b.  
 
Figure. 2.19 Typical wing geometry and mesh.  a) Overall view of mesh.  b) Wing 
boundary layer and wake mesh 
The wings were modeled at an angle of attack of 6º, and a velocity of 14.30m/s (32 
MPH). The leading wing was held stationary in the flow domain while the docking 
wing’s position was varied. The wing’s position was varied in three uncoupled 
directions – chord-wise (x), span-wise (y) and vertically (z). To avoid skewed 
elements, the wings were separated span-wise such that there was a small gap between 
their wingtips. Each position was simulated individually as a static solution. Transient 
effects were not considered for this study. The residual convergence criterion was 
1x10-6.  A total of 33 simulations were run in Fluent for this study. 
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2.5.3 CFD results and discussion 
 
Figure. 2.20 Comparison of the lift coefficient between the CFD and lifting-line data 
for span-wise separation. 
Comparisons of force and moment coefficient data between the CFD and Lifting 
Line methods for chord-wise, span-wise and vertical docking separation have been 
performed. A sample comparison of the lift and roll coefficient for span-wise 
separation is presented in Figure 2.20 and 2.21. The lifting line and CFD lift 
coefficient data match trends, but the magnitude is off by 5%. The difference in 
magnitude is within the range of accuracy of the lifting-line method. Roll data matches 
trends and magnitude within 1%. These are important force and moments to model 
correctly because they will require the most control authority from the UAV, and will 
also have the biggest impact on its position. 
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Figure. 2.21 Comparison of the roll moment coefficient between the CFD and lifting-
line data for span-wise separation. 
Visualization plots of streamlines from two views are presented in Figure 2.22, in 
the appendix, for select chord-wise displacements. The plots help characterize wingtip 
flow interactions. When the two wings are docked, the wingtip vortex of each wing is 
separate and rotating in opposite directions. As one wing moves backwards, the path-
lines originating from the trailing wing mix with the leading wing vortex. They are 
pulled into the wake of the trailing wing.  By x separation of 1.0c, the two vortices are 
shown to stop mixing, and the leading wing vortex bends around the wing tip of the 
trailing wing. The vortex mixing is a potential source of buffeting as the transition 
between separate and mixed vortices will likely be unstable. A transient CFD study 
would better explore this behavior. 
Visualizations that characterize the behavior of the wingtip vortex interactions of 
the three docking approaches are presented in Figure 2.23 in the appendix. As 
mentioned above, the chord-wise approach displays flow mixing between x separation 
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of 0.1c and 0.5c. The vertical approach shows separate and counter-rotating wingtip 
vortices, but they are pulled into the wake of leading wing. The span-wise approach is 
characterized by separate and counter-rotating wingtip vortices through the entire 
approach path. The symmetry of the streamlines is consistent with the symmetry of the 
coefficient data in Figure 2.20 and 2.22. 
The flow visualizations reveal that the span-wise approach offers a potential 
advantage over other approaches such as the wing approaching each other from the 
vertical or chord-wise direction.  The symmetry displayed in the streamline plots 
suggests that flow around the wings would be simpler. Independent counter-rotating 
vortices would reduce the amplitude of time variant loading in the wing’s lift 
distribution. Similarly, they would be less likely to decompose into large scale 
turbulent structures that would buffet the wing. Avoiding these turbulent interactions 
would reduce the complexity of the docking control strategies. 
2.6 Conclusions 
Close proximity aerodynamic analysis for two UAV wings at close proximity has 
been presented.  A verification of the predicted aerodynamic data with both wind 
tunnel and CFD data for aerodynamic forces and moments have been presented. There 
is a reasonably good agreement between the predicted values calculated using the 
modified lifting-line method, CFD and the measured values from the wind tunnel 
tests. For all cases, as the separation between the two UAV wings decreases, there is 
an increase in lift, drag, roll, pitch and yaw moment magnitudes. Close proximity 
induced effects on lift were significant and there was an increase of around 15% from 
the nominal value of a wing by itself. The close proximity effects on induced drag 
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were also significant, there was as much as 50% increase on induced drag throughout 
the different separations. Both the roll and pitch moments where also significantly 
affected. As the wings get closer to each other, they will induce an opposite roll 
moment on each other. This means that as the wing approaches for docking it will tend 
to roll away from each other. Also at close proximity, the aerodynamic forces and 
moments demonstrate nonlinear behavior. This nonlinear behavior will have to be 
taken in to account when determining trajectories and control strategies for the UAV 
to link in midair. From the CFD simulation, we noticed that the presence of wing 
vortex mixing identifies potential negative effects of the chord-wise approach. A span-
wise separation avoids this mixing because it exhibits symmetrical flow structures. 
2.7 Appendix 
 
a) Isometric View, x separation = 0.00 
 
b) Front View, x separation = 0.00 
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c) Isometric View, x separation = -0.30 
 
d) Front View, x separation = -0.30 
 
e) Isometric View, x separation = -0.50 
 
f) Front View, x separation = -0.50 
 
g) Isometric View, x separation = -1.00 
 
h) Front View, x separation = -1.00 
 
Figure. 2.22 Wingtip Particle Path-line Plots, Chord-wise Approach 
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a) Chord-wise, x separation = 0.00 
 
b) Chord-wise, x separation = -0.30 
 
c) Span-wise, y separation = 0.03 
 
d) Span-wise, y separation = 0.23 
 
e) Span-wise, z separation = 0.00 
 
f) Span-wise, z separation = 0.20 
 
Figure. 2.23 Characteristic Wingtip Particle Path-lines 
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 CHAPTER 3 
 AERODYNAMIC ANALYSIS AND AIRCRAFT DYNAMICS OF TWO 
LINKED UAVS FLYING AT CLOSE PROXIMITY
*
 
3.1 Abstract 
Unmanned aerial vehicles (UAVs) typically have small wingspans so it can be 
rapidly deployed from any airfield.  However, having a small aspect ratio wing also 
limits its range and endurance. It is known that an aircraft with large aspect ratio 
wings have better aerodynamic efficiency due to the reduction of induce drag for the 
given lift. A linked UAV concept, where individual UAVs link at high altitude creates 
an aerodynamically efficient system of aircraft which has long endurance capabilities 
and can cruise for extended periods with significantly reduced power loads. The 
current research presents an analysis of close proximity aerodynamics and aircraft 
dynamics of two Linked UAVs. As the UAVs approach each other for wingtip 
docking there will be strong aerodynamic coupling between their wings tips. Lifting 
line and wind tunnel testing of two UAV wings shows significant close proximity 
effects on lift, drag, roll, pitch and yaw moments on each UAV. The dynamics and 
stability of the UAVs are also affected by the close proximity aerodynamic effects. 
For example, the UAVs roll away from each other in the close proximity presence of 
another UAV. An aerodynamic disturbance intensity field has been generated, 
utilizing both simulation and wind tunnel data, to determine a trajectory for the two 
UAVs to approach each other for midair docking. A span-wise trajectory experiences 
                                                 
*
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less overall aerodynamic disturbances for both the leader and follower UAVs, which 
makes this trajectory more desirable for midair docking. 
3.2 Introduction  
Currently, unmanned aerial vehicles (UAVs) are used mainly for Intelligence, 
Surveillance and Reconnaissance (ISR) missions. One advantage of using UAVs for 
ISR missions is that they can be rapidly deployed from any airfield due to their small 
wingspan. However, having a small aspect ratio wing also limits its range and 
endurance [1]. An effective ISR platform requires that it be rapidly deployable, have 
long range and endurance. It is known that an aircraft with large aspect ratio wings 
have better aerodynamic efficiency due to the reduction of induce drag for the given 
lift [1, 2]. Wingtip docking UAVs will increase the effective aspect ratio of a system 
of aircrafts. The larger aspect ratio of the linked UAV leads to an improvement in 
overall aerodynamic efficiency due to the decrease of the induce drag as previously 
mentioned. The improvements in aerodynamic efficiency are similar to the 
improvements seen in formation flight [3, 4], but without having the trailing aircraft 
fly in the vortex wake of the leading aircraft which can lead to both stability and 
control problems [5, 6]. The linked UAV concept allows for a rapidly deployable ISR 
platform using individual UAVs with wingspans small enough to be deployed from 
small aviation airfields or even being hand launched. Individual UAVs will link at 
high altitude to create an aerodynamically efficient system of aircraft which has long 
endurance capabilities and can cruise for extended periods with significantly reduced 
power loads. 
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This paper presents an analysis of close proximity aerodynamics and aircraft 
dynamics of two UAVs linked at their wing tips. As the UAV approach each other for 
wingtip docking there will be strong aerodynamic coupling between the UAV wings 
tips. Determining the aerodynamic coupling effects on all the forces and moments is 
essential to determine a trajectory and controls for each UAV to perform the docking 
maneuver. Simulation and wind tunnel testing of the close proximity effects on all the 
aerodynamic forces and moments for two UAV wings has been performed. The 
computational aerodynamics simulations are performed utilizing a modern adaptation 
of Prandtl’s lifting-line method [7], which is based on a fully three-dimensional vortex 
lifting law. The proximity aerodynamics effects between the UAVs wings will be 
analyzed as a function of its relative position in all three directions: chord-wise, span-
wise and vertical direction. A look-up table of aerodynamic forces and moments for 
all relative positions and angles of attack between the two UAVs has been developed. 
An aerodynamic disturbance intensity field is generated, utilizing both simulation and 
wind tunnel data. This was used to determine an optimal trajectory for the two UAVs 
to approach each other for docking. In this paper we will examine how the close 
proximity aerodynamics affects the dynamics and stability of the UAVs. The aircraft 
dynamics analysis will be done in Simulink, which will include the close proximity 
aerodynamic look-up library. A comparison of two docking trajectories paths will be 
presented. 
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3.3 Aerodynamic Model 
3.3.1 Adaptation of lifting-line method 
As the UAVs fly in close proximity to each other there is strong aerodynamic 
coupling between them. As the UAVs approach each other, to link in midair, it 
experiences different aerodynamic forces and moments depending on relative position 
and flight condition. To determine docking trajectories and analyze the aircraft 
dynamics an understanding of the close proximity aerodynamic forces and moments 
that act upon the UAV wings are needed. An aerodynamic analysis for both varying 
relative positions between the UAVs and flight condition is needed. A computational 
fluid dynamics package would not be efficient, since a new mesh would be needed for 
every relative position and flow field configuration, resulting in high computational 
cost. Instead, we utilized an approach to 3D modeling which incorporates a modern 
adaptation of Prandtl’s lifting-line method, based on a fully three-dimensional vortex 
lifting law that we have developed [7, 8]. The method enables to analyze the 
aerodynamic properties of a system of lifting surfaces of arbitrary camber, sweep, and 
dihedral. 
There are several variations of lifting-line method, for example the adaptation of 
the Weissinger’s method present by Wickenheiser and Garcia, which can be use for 
wings with arbitrary planform, but cannot calculate fully 3D geometries [9]. The 
method that we have developed is based on the adaptation of the Prandtl’s lifting-line 
method developed by Phillips and Snyder [10]. This method is derived from the 
classical lifting-line method, but it’s generalized to correct for the violations of the 
classical lifting-line theory for wings with sweep and dihedral. This method 
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synthesizes the 3D finite wing into a series of horseshoe vortices distributed at the 
quarter chord as seen in Figure 3.1.  It uses the Prandtl’s theory [11] but instead of 
using the two dimensional Kutta-Joukowski law, this method is based on a fully three 
dimensional vortex lifting law. This modification allows it to be used for systems 
surfaces of arbitrary camber, sweep and dihedral. Furthermore, with this method we 
can compute the aerodynamic forces for a system of lifting surfaces with arbitrary 
position and orientation which conventional lifting-line methods do not. 
 
Figure. 3.1 A 3-D finite wing decoupled into a series of 2-D airfoils and into a series 
of horseshoe vortices. 
A lifting-line approach was used to generate the aerodynamic database because it is 
a fast computational approach with a low order model compared to CFD for 
aerodynamic analysis of different relative separations. The speed of this method 
allows to determine the aerodynamic forces and moments acting on each UAV wing 
as a function of its relative separation in all directions and its corresponding angle of 
attacks. An aerodynamic intensity field between two UAVs wings will be generated as 
a function of its relative position in all three directions: chord-wise (x – direction), 
span-wise (y – direction), and vertical direction (z – direction) as seen in Figure 3.2. 
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Figure. 3.2 Coordinate frame for the relative separation between the two UAV wings. 
3.3.2 Close proximity aerodynamic analysis 
The lift characteristics of the UAV wings will vary as a function of its relative 
separation and orientation. In addition, the lift characteristic acting on each UAV wing 
will be different depending on the wing position. For example, we expect a leading 
wing to have a different lift distribution than the wing in its wake. In this section we 
are going to examine how the lift distribution, total lift, drag and roll,  as well as pitch 
and roll moments coefficients changes for two UAV wings separated in the chord-
wise, span-wise and vertical directions, as shown schematically in Figure 3.3. A 
sample data of aerodynamic database analysis is presented in the following sections. A 
complete analysis has been previously presented [12, 13] and can be found in 
reference 12. 
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Figure. 3.3 a) UAV wings separated only in the chord-wise direction. b) UAV wings 
separated only in the span-wise direction. c) UAV wings separated only in the vertical 
direction. 
The lift distribution of two UAV wings for different chord-wise separations from 
0c (zero chord separation) to 5c are plotted as a function of position along the span for 
an angle of attack of 6 degrees in Figure 3.4. For this case, the two wings are in the 
same vertical position and wing tips of the left-hand side and the right-hand side wings 
are aligned as seen in Figure 3.3a. The left data corresponds for wing in the front and 
the right data corresponds to the wing behind. When the two UAVs are far away from 
each other, the lift distributions for each individual wing correspond to that of a single 
wing by itself, as expected. In addition the lift distributions are identical to each other 
since there is no aerodynamic coupling between each the wings as it can be seen in 
Figure 3.4 when there is an infinite separation. 
x
z
y
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Figure. 3.4 Lift distribution for two UAV wings separated only in the chord-wise 
direction at different separations. 
As the UAVs start getting closer to each other we see the aerodynamic coupling 
between the two wings gets stronger as the separation decreases. These effects can be 
seen from the plots in Figure 3.4 where we can see that the lift distribution around the 
tips of adjacent wings get by their respective proximity. Most of the aerodynamic 
coupling occurs around the wing tips due to vortex interactions. The lack of symmetry 
in the lift distributions with wings in close proximity indicates that there is a roll 
moment about the mid-span axis. From the results in Figure 3.4, it is clear that the 
total lift, which is proportional to the area under the section lift distribution curve, 
increases as the separation decreases for both wings. As the separation decreases to 
zero, where the two wings are linked, the lift distribution of the two UAV wings will 
approach the lift distribution of a single wing with double its aspect ratio.  
Comparing the lift distributions of the left and right wings at given separation we 
can see that they are not symmetric. For example, for a 5 chord-lengths separation we 
see that the lift distribution for the left wing is about the same as of a single wing, but 
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for the right wing, which is flying behind the left wing, we see that there is a 
significant increase in the section lift distribution. The increase in aerodynamic 
disturbance for the UAV wing flying behind is due to the wing flying in the wing tip 
trailing vortex shedding from the front UAV wing. This phenomenon is similar to 
what is seen in formation flying where the trailing aircrafts benefits from the trailing 
vortex shedding of the lead aircraft [3, 4, 14]. However as the separation between the 
UAVs gets small, the front UAV wing is also subjected to the flow field that the back 
UAV induces upstream with its bound and trailing wing vortex [15]. The asymmetry 
in the section lift distributions between each wing disappears as the separation gets 
close to zero. As seen in Figure 3.4, the lift distribution for a separation of 0.1 chord 
lengths is symmetric and as the separation goes to zero it behave as one wing with 
double the aspect ratio. 
The total lift coefficients for two UAV wings for the chord-wise, span-wise and 
vertical separation are plotted as a function of separation for an angle of attack of 6 
degrees in Figure 3.5. The lift coefficient increases as the wing separation decreases. 
The increase in lift is especially strong after the separation is below 1 chord length, 
and the maximum lift occurs when then the two wings are joined, which is not 
surprising because joining the wings doubles the aspect ratio. As previously 
mentioned, we can see that lift coefficients for chord-wise separation are different for 
the front and back wings. The front wing starts behaving as a single wing for 
separation above 8 chord lengths. However, the back wing has higher lift coefficient 
for a larger range of separation. From Figure 3.5 we can see that the proximity effects 
for the back wing extend pass the 10 chord length. The effects for the back wing 
extend for larger range because the wing is affected by the vortex shedding from the 
front wing. For the span-wise and vertical separations the close proximity effects on 
 75 
 
the lift coefficient dies out quicker than the chord-wise separation. From Figure 3.5, 
the close proximity effects for both the span-wise and vertical separations are 
negligible for separation above 4 chord lengths. Comparing the lift coefficient for a 
single UAV wing and two linked UAVs wings there is an increase of about 15%. 
 
Figure. 3.5 Close proximity lift coefficient effects as a function of separation. 
As seen in Figure 3.4 and 3.5, we saw that the close proximity aerodynamic effects 
induces an asymmetric lift distribution around the UAV wings. The asymmetry in the 
lift distributions will yield a roll moment about the semi axis span. The roll moment 
coefficients for two UAV wings for the chord-wise, span-wise and vertical separation 
are plotted as a function of separation for an angle of attack of 6 degrees in Figure 3.6. 
As the UAV wings are far away from any aerodynamic interactions the roll moment is 
zero, as it is for a single UAV wing without ailerons. Similar to the other aerodynamic 
coefficients, the roll moment coefficient magnitude increases as the wing separation 
decreases. As the UAV wings get closer, each will induce an opposite roll moment on 
each other as seen in Figure 3.6. The magnitude of roll moment coefficient for chord-
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wise separation are also different for the front and back wings as seen in Figure 3.5. 
The range of the close proximity effects on roll moment are the same as for the lift 
coefficient, for the chord-wise separation it extends pass 10 chord-length and for the 
span-wise and vertical separation extends until about 4 chord lengths. 
 
Figure. 3.6 Close proximity roll moment coefficient effects as a function of 
separation. 
3.3.3 Model verification via wind tunnel testing 
Wind tunnel tests for close proximity aerodynamic effects of two wings were 
performed to compare with the prediction from the lifting-line method. The wind 
tunnel setup consist of a full and half wing with a rectangular planform and an aspect 
ratio of 4.5 as seen in Figure 3.7. The wings have a chord of 3 inches and a span of 
13.5 and 6.75 inches for the full and half wing, respectively. The full wing was used to 
measure the aerodynamic forces and moments using a 6 degree-of-freedom JR3 load 
cell, which measures lift to 25 lb with a resolution of less than 0.01 lb. Tests use the 
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Cornell University environmental wind tunnel facility, an open return wind tunnel 
with a 48” x 43” test section. A splitter plate was attached to the half wing to simulate 
a full wing. The full wing remained stationary and the half wing was able to move in 
all three directions chord-wise (x – direction), span-wise (y – direction), and vertical 
direction (z – direction). 
 
Figure. 3.7 Wind tunnel setup of the two UAV wings. 
The lift coefficient for two UAV wings separated in the vertical direction for both 
predicted and measured values are plotted as a function of separation for an angle of 
attack of 9 degrees in Figure 3.8. Since only the full wing is attached to a load cell, we 
tested both positive and negative separation values. In Figure 3.8, positive separations 
corresponds for when the full wing is below the half wing and negative separations for 
when the full wing is above the half wing. Due to limited space in the wind tunnel 
testing area, tests will be performed for a range of separations between -2 and 2 chord 
lengths. We can see that the measured values for the lift coefficients have a good 
agreement with the predicted values from the lifting-line method. As expected, the lift 
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coefficient increases as the separation decreases, as mentioned in the previous 
sections. In addition, for vertical separation, the measured results verify that there is a 
small asymmetry in the lift coefficient between the wings that are above and below.  
 
Figure. 3.8 Predicted and measured lift coefficient for two UAV wings separated in 
the vertical direction. 
The roll moment coefficient for two UAV wings separated in the vertical direction 
for both predicted and measured are plotted as a function of separation for an angle of 
attack of 9 degrees for both wings in Figure 3.9. Figure 3.9 shows the results for both 
positive and negative separations, where positive separations corresponds for when the 
full wing is below the half wing and negative separations for when the full wing is 
above of the half wing. For the roll moment coefficient we can see that there is a good 
agreement between the measured and predicted values from the lifting-line method. 
Both the measured and predicted values for the roll moment have the same trends. The 
roll moment coefficient increases as the separation decreases.   
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Figure. 3.9 Predicted and measured lift coefficient for two UAV wings separated in 
the vertical direction. 
3.4 Linked UAVs Flight Simulations 
This section will investigate the effects of the close proximity aerodynamic 
disturbances on the dynamics and stability of the two UAVs. Simulations for the two 
UAVs are performed in Simulink, as can be seen in Figure 3.10. The vehicle and 
simulation parameters for each UAV are presented in Table 3.1. The Simulink 
simulation includes the close proximity aerodynamic look-up library developed in the 
previous sections. The simulation platform consists of three main components: UAV 
controls, UAV Linked system and the close proximity aerodynamics. The UAV 
controls component gives the control inputs to each individual UAV. This section 
feeds the control commands to the UAV control surfaces, aileron, elevator, rudder and 
throttle.  UAV Linked System contains the nonlinear aircraft vehicle equations of 
motion which are integrated to determine the states of each UAV. The close proximity 
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aerodynamics component will monitor the states of each UAV and applies the close 
proximity aerodynamics disturbances to each UAV at any given time and relative 
position. 
 
Figure. 3.10 Simulink simulation platform for two UAVs flying at close proximity 
Table 3.1 UAV’s vehicle and simulation parameters used in simulink vehicle model 
Vehicle Parameters Values 
Mass 25.67 kg 
Wing span 6.52 m 
Aspect ratio 8 
Roll moment of inertia 18.4 kg-m
2 
Pitch moment of inertia 8.52 kg-m
2
 
Yaw moment of inertia 28.37 kg-m
2
 
Velocity 48.6 m/s 
 
3.4.1 Open loop dynamics 
Utilizing the Simulink platform we examined the effects of the close proximity 
aerodynamics disturbances on the open loop dynamics of each UAV. In this case, it 
simulates two UAVs undocking without any feedback control. In this scenario, the 
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UAVs will be linked and they undock at t=0. The plots of the inertial positions of the 
two UAVs are plotted in Figure 3.11. From Figure 3.11b and 3.11d, we can see that 
the two UAVs diverge from each other due to the close proximity aerodynamics 
effects. The proximity effects induces a  opposite roll moment on each UAV, which 
leads to the UAVs to diverge from each other as seen in Figure 3.11b and 3.11d. There 
is also a change in altitude, as see in Figure 3.11c, which can be explained by the 
change in lift and pitch moment due to the proximity effects. The effects on the range 
are minor as it can be seen in Figure 3.11a. 
 
Figure. 3.11 UAVs inertial positions for two UAVs flying at close proximity. 
The plots of the close proximity aerodynamic disturbances forces and moments of 
the two UAVs are plotted in Figure 3.12. Initially, the two UAVs are docked, with 
zero separation, the magnitude of proximity forces and moments are high and as they 
start to diverge the forces and moments decreases as it can be seen in Figure 3.12. 
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Figure 3.12a and 3.12b are the plots of the proximity disturbances on lift and drag. As 
expected, both the lift and drag disturbances for each UAV are symmetric since the 
separation is mainly in the span-wise direction. Figure 3.12c and 3.12d are the plots of 
the proximity disturbances on roll, pitch and yaw moments. From this plots we can see 
that the roll moments are in the opposite direction, which cause the UAVs to diverge 
from each other. The magnitude of the roll moments are higher than of the pitch or 
yaw moments, which is the reason that the divergence is mainly in the span-wise 
direction as show in Figure 3.12c and 3.12d. 
 
Figure. 3.12 Close proximity aerodynamic disturbances for the two UAVs flying at 
close proximity. 
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3.4.2 Docking trajectories 
The main purpose of the aerodynamic intensity field study is to examine the effects 
from flow fields on different trajectories path for the two UAVs attempting to dock in 
midair. In this way we could size flight control surfaces and ultimately formulate 
automate control systems to aid in such a maneuver. In this section, we examined two 
trajectories paths, a chord-wise and a span-wise. The different trajectories will be 
simulated using the Simulink platform described above.  Here, the left UAV will be 
the leader and the right UAV will be the follower. When docking, the leader will 
maintain straight and level flight. The follower will start at a distance far apart from 
the close proximity aerodynamic effects and it will track the leader and approach it for 
midair docking. The plot of two docking trajectory, a chord-wise and span-wise, paths 
are plotted in Figure 3.13. 
 
Figure. 3.13 A chord-wise and span-wise trajectory path for midair docking. 
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To evaluate the two trajectories we will take a look at the close proximity forces 
and moments acting along each trajectory. Figure 3.14 plots the forces and moments 
acting on the leader (left) and follower (right) UAVs for both trajectories. For the 
follower UAV, the forces and moment disturbances are higher for the chord-wise 
approach than for the span-wise approach as seen in Figure 3.14b and 3.14d. This is 
expected since the follower UAV for the chord-wise approach spends significant more 
time behind the leader. As discussed in the aerodynamic and the CFD sections this is 
an area of higher disturbances due to the close proximity effects in all the aerodynamic 
forces and moments for the follower UAV. In addition, both the close proximity forces 
and moments on the chord-wise trajectory act earlier than for the span-wise approach 
due that the proximity effects are still present more downstream in the chord-wise 
direction. For the leader UAV, the forces and moments act sooner for the span-wise 
approach, however it takes less time to complete the trajectory. So the overall amount 
of disturbance seen by the leader UAV for both trajectories is comparable to each 
other. As it was expected, for the span-wise approach the forces and moments acting 
on both UAVs are symmetric as discussed in the previous sections. 
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Figure. 3.14 Close proximity aerodynamic disturbance forces and moments acting on 
each UAV for two docking trajectories. 
3.5 Conclusion 
Close proximity aerodynamic analysis for two UAV wings at close proximity has 
been presented.  A verification of the predicted aerodynamic data with wind tunnel for 
aerodynamic forces and moments has been presented. There is a good agreement 
between the predicted values calculated using the modified lifting-line method and the 
measured values from the wind tunnel tests. For all cases, as the separation between 
the two UAV wings decreases there is an increase in lift, drag, roll, pitch and yaw 
moment magnitudes. Close proximity induced effects on lift were significant and there 
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was an increase of around 15% from the nominal value of a wing by itself. Both the 
roll and pitch moments where also significantly affected. As the wings get closer to 
each other they will induce an opposite roll moment on each other. This means that as 
the wing approaches for docking it will tend to roll away from each other. This effect 
was seen in the open loop aircraft dynamics simulation presented. Also at close 
proximity the aerodynamic forces and moments demonstrate nonlinear behavior. This 
nonlinear behavior will have to be taken in to account when determining trajectories 
and control strategies for the UAV to link in midair to for a linked UAV platform. 
Two different docking trajectories, a span-wise and chord-wise paths where analyzed. 
The span-wise trajectory experiences less overall disturbances for both the leader and 
follower UAVs, which makes this trajectory more desirable for midair docking. For 
the span-wise approach the aerodynamics effects on both UAV wings are symmetric 
which help avoids the vortex mixing therefore making the path more stable. 
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 CHAPTER 4 
 TRAJECTORY OPTIMIZATION FOR DOCKING PATH OF TWO 
LINKED UAVS
*
 
4.1 Abstract 
This paper discusses the formulation and optimization of midair wingtip docking 
trajectories for two unmanned aerial vehicles (UAVs) linking in flight. The linked 
UAV concept, creates an aerodynamically efficient system of aircraft with long 
endurance capabilities and extending the ability for aircraft to cruise with significantly 
reduced propulsion power. Close proximity aerodynamics coupling is nonlinear and is 
shown to have an impact on the dynamics of the linked UAVs. The aerodynamics 
effects are modeled using an adaptation of a lifting-line method. Two optimal 
trajectories for a 2-D and 3-D docking trajectories are compared. Dynamic wind 
tunnel tests are performed to compare different midair wingtip docking trajectories. 
The results of the optimization show that a trajectory where the aircraft approach each 
other from a span-wise direction is more desirable since it goes through the lower 
aerodynamic disturbances and requires less control effort to perform the docking 
maneuver. 
 
 
 
 
 
 
 
 
                                                 
*
 To be submitted for publication to Journal of Guidance, Control, and Dynamics by Cuji, E. and 
Garcia E.  “Trajectory Optimization for Docking Path of Two Linked UAVs” 
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4.2 Introduction 
Currently, unmanned aerial vehicles (UAVs) are used mainly for Intelligence, 
Surveillance and Reconnaissance (ISR) missions. One advantage of using UAVs for 
ISR missions is that they can be rapidly deployed from any airfield due to their small 
wingspan. However, having a small aspect ratio wing also limits its range and 
endurance [1]. An effective ISR platform requires that it be rapidly deployable, and 
have long range and endurance. It is known that an aircraft with large aspect ratio 
wings has better aerodynamic efficiency due to the reduction of induce drag for the 
given lift [1, 2]. Wingtip docking UAVs will increase the effective aspect ratio of a 
system of aircraft. The larger aspect ratio of the linked UAVs leads to an improvement 
in overall aerodynamic efficiency due to the decrease of the induce drag as previously 
mentioned. The improvements in aerodynamic efficiency are similar to the 
improvements seen in formation flight [3, 4], but without having the trailing aircraft 
fly in the vortex wake of the leading aircraft which can lead to both stability and 
control problems [5, 6]. The linked UAV concept allows for a rapidly deployable ISR 
platform using individual UAVs with wingspans small enough to be deployed from 
small aviation airfields or even being hand launched. Individual UAVs will link at 
high altitude to create an aerodynamically efficient system of aircraft which has long 
endurance capabilities and can cruise for extended periods with significantly reduced 
power. 
A linked UAV system requires wingtip docking of UAVs in midair. Previous 
works in aerodynamic analysis of the close proximity aerodynamics coupling have 
found that all forces and moments are impacted by the presence of the other UAV 
wing [7]. Previous aerodynamic analysis has showed that there are regions of higher 
 92 
 
and lower aerodynamic disturbances. The close proximity aerodynamic disturbances 
affect the dynamics and stability of the UAVs [7, 8]. For example, as the two UAVs 
approach each other, the roll moment due to the close proximity effects are in opposite 
directions.  In order for the UAV wings to dock in midair, the UAV controls have to 
have enough authority to overcome these disturbances. To minimize problems during 
a wingtip docking maneuver, a docking trajectory path that has the least aerodynamic 
resistance is most desirable. Such a path would require the least control effort, thus 
decreasing the energy needed to perform the docking maneuver, additional control 
authority is always needed for unknown disturbance rejection and robustness 
engineering. In addition, it reduces stability problems during the maneuver. The 
trajectory optimization problem is formulated as a constrained nonlinear optimization 
problem. The optimization problem is solved by utilizing nonlinear programming to 
solve the complex nonlinear optimization problem [9, 10]. 
In this paper, the trajectory optimization problem for midair docking path of two 
linked UAVs is formulated to determine an optimal docking trajectory that minimizes 
the aerodynamic disturbances and requires the least energy. The dynamics of the 
linked UAV system, as well as the incorporation of the close proximity aerodynamics 
coupling information into the aircraft dynamics is presented. This paper presents 
results of the optimization procedures for both 2-D and 3-D docking trajectories. 
Dynamic wind tunnel testing of an optimal and non-optimal docking trajectory is also 
presented. 
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4.3 Modeling Description and Problem Formulation 
4.3.1 Linked UAV aerodynamic model 
The aerodynamic model to analyze the linked UAV system is an adaptation of 
Prandtl’s lifting-line method that we have applied to 3D aerodynamic structures [11, 
12]. This method is an approach to 3D aerodynamic modeling which incorporates a 
modern adaptation of Prandtl’s lifting-line method, based on a fully three-dimensional 
vortex lifting law. There are several variations of lifting-line method, for example the 
adaptation of the Weissinger’s method present by Wickenheiser and Garcia, can be 
used for wings with arbitrary planforms, but cannot calculate fully 3D geometries 
[13]. The method that we have developed is based on the adaptation of the Prandtl’s 
lifting-line method developed by Phillips and Snyder [14]. This method is derived 
from the classical lifting-line method [15], but it’s generalized to correct for the 
violations of the classical lifting-line theory for a system of lifting surfaces with 
arbitrary camber, sweep and dihedral.  Furthermore, with this method we can compute 
the aerodynamic forces for a system of lifting surfaces with arbitrary position and 
orientation which conventional lifting-line methods do not. 
As the UAVs fly in close proximity to each other, there is strong aerodynamic 
interaction between them. As the UAVs approach each other, to link in midair, it 
experiences different aerodynamic forces and moments depending on relative position 
and flight condition. To determine docking trajectories, and analyze the aircraft 
dynamics, an understanding of the close proximity aerodynamic forces and moments 
that act upon the UAV wings are needed. An aerodynamic analysis for both varying 
relative positions between the UAVs and flight condition is needed. The lifting-line 
technique was use because it is a fast computational approach with a low order model 
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compared to CFD for aerodynamic analysis. The speed of this method allows one to 
determine the aerodynamic forces and moments acting on each UAV wing as a 
function of its relative separation in all directions and its corresponding angle of 
attacks.  
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Figure. 4.1 Coordinate frame for the relative separation between the two UAV wings. 
An aerodynamic intensity field between two UAVs wings has been generated as a 
function of its relative position in all three directions: chord-wise (x – direction), span-
wise (y – direction), and vertical direction (z – direction) as seen in Figure 4.1. The 
lifting line method computes all the aerodynamic forces and moments, lift, drag, roll, 
pitch and yaw, for the two wings for different separations in all three directions and 
different angles of attack for each wing. In Table 4.1, contains the wing and simulation 
parameters used to develop the aerodynamic intensity field.  The nominal angle of 
attack that the UAVs will fly is around 6 to 8 degrees, therefore a computing range 
from 2 to 12 degrees angle of attack for each wing has been chosen.  For the Y and Z 
separation, the range computed is from 0 to 10 chord lengths. In these two directions 
the aerodynamic coupling between the two wings dies out by 10 chord lengths. For the 
x separation the computed range is from 0 to 40 chord lengths. A larger range has been 
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chosen for the x separation because the close proximity effects for a chord-wise 
separation extended pass 10 chord lengths due to the effects that trailing wake from 
the leading wing has on the trailing wing downfield. Table 4.1 also presents the data 
points computed for each of the simulation parameters. A total of 97,344 simulations 
were run to compile the aerodynamic intensity field. 
 
Table 4.1 Wing and simulation parameters for the aerodynamic intensity field 
computed 
Wing and simulation parameters Data points Computed 
Airfoil LA2573A 
 
Planform  Rectangular 
 
Aspect ratio 4.5 
 
Angle of attack W1 2° to 12° 2, 4, 6, 8, 10, 12 
Angle of attack W2 2° to 12° 2, 4, 6, 8, 10, 12 
X separation 0 to 40c 
0, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10, 20, 30, 40 
Y separation 0 to 10c 
0, 0.05, 0.1,0 .2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10 
Z separation 0 to 10c 
0, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 1.5, 2, 3, 
4, 5, 10 
4.3.2 Close proximity aerodynamic analysis 
The lift characteristics of the UAV wings will vary as a function of its relative 
separation and orientation. In addition, the lift characteristic acting on each UAV wing 
will be different depending on the wing position. For example, we expect a leading 
wing to have a different lift distribution than the wing in its wake. In this section, we 
are going to examine how the lift distribution, total lift, drag and roll,  as well as pitch 
and roll moments coefficients changes for two UAV wings separated in the chord-
wise, span-wise and vertical directions, as shown schematically in Figure 4.2. The 
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UAV wings studied have a rectangular planform with an aspect ratio of 4.5. A sample 
data of aerodynamic database analysis is presented here. A complete analysis has been 
previously presented [7, 8] and can be found in reference 7.  Also, model verification 
for the adaptation of the lift-line method via wind tunnel experiments and CFD 
simulations has been presented in previous work and can be found in reference 8.  
x
z
y
a) b)
c)
  
Figure. 4.2 a) UAV wings separated only in the chord-wise direction. b) UAV wings 
separated only in the span-wise direction. c) UAV wings separated only in the vertical 
direction. 
The total lift coefficients for two UAV wings for the chord-wise, span-wise and 
vertical separation are plotted as a function of separation for an angle of attack of 6 
degrees in Figure 4.3. The lift coefficient increases as the wing separation decreases. 
The increase in lift is especially strong after the separation is below 1 chord length, 
and the maximum lift occurs when then the two wings are joined, which is not 
surprising because joining the wings doubles the aspect ratio. The lift coefficients for 
chord-wise separation are different for the front and back wings. The front wing starts 
behaving as a single wing for separation above 8 chord lengths. However the back 
wing has higher lift coefficient for a larger range of separation. From Figure 4.3, we 
can see that the proximity effects for the back wing extend pass the 10 chord length. 
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The effects for the back wing extend for larger range because the wing is affected by 
the vortex shedding from the front wing. This phenomenon is similar to what is seen 
in formation flying where the trailing aircrafts benefits from the trailing vortex 
shedding of the lead aircraft [3, 4, 16]. However as the separation between the UAVs 
gets small, the front UAV wing is also subjected to the flow field that the back UAV 
induces upstream with its bound and trailing wing vortex [17].  
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Figure. 4.3 Close proximity lift coefficient effects as a function of separation. 
For the span-wise and vertical separations the close proximity effects on the lift 
coefficient dies out quicker than the chord-wise separation. From Figure 4.3, the close 
proximity effects for both the span-wise and vertical separations are negligible for 
separation above 4 chord lengths. Comparing the lift coefficient for a single UAV 
wing and two linked UAVs wings there is an increase of about 15%. 
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Figure. 4.4 Close proximity roll moment coefficient effects as a function of 
separation. 
The close proximity aerodynamic effects induce an asymmetric lift distribution 
around the UAV wings [7, 8]. The lift distribution around the tips of adjacent wings 
gets disturbed by their respective proximity. Most of the aerodynamic coupling occurs 
around the wing tips due to vortex interactions. The lack of symmetry in the lift 
distributions with wings in close proximity indicates that there is a roll moment about 
the mid-span axis. The roll moment coefficients for two UAV wings for the chord-
wise, span-wise and vertical separation are plotted as a function of separation for an 
angle of attack of 6 degrees in Figure 4.4. As the UAV wings are far away from any 
aerodynamic interactions the roll moment is zero, as it is for a single UAV wing 
without ailerons. Similar to the other aerodynamic coefficients, the roll moment 
coefficient magnitude increases as the wing separation decreases. As the UAV wings 
get closer, each will induce an opposite roll moment on each other as seen in Figure 
4.4. The magnitude of roll moment coefficient for chord-wise separation are also 
different for the front and back wings as seen in Figure 4.3. The range of the close 
 99 
 
proximity effects on roll moment are the same as for the lift coefficient, for the chord-
wise separation it extends pass 10 chord-length and for the span-wise and vertical 
separation extends until about 4 chord lengths. 
4.3.3 Linked UAVs vehicle model 
UAVs Linked System Close Proximity AerodynamicsUAV Controls
u
ulink
x
UAV2EoM
UAVStates
altitude, heading
u
UAV2Controller
u
ulink
disturbance
x
UAV1EoM
UAVStates
altitude, heading
u
UAV1Controller
[xB]
Goto2
[xA]
Goto1
0
0
[xA]
From8
[xB]
From7
[xB]
From5
[xA]
From4[xB]
From2
[xA]
From1
xB
xC
uRightLinkBC
ForcesMomentsRight
xA
xB
uLeftLinkAB
ForcesMomentsLeft
0
Disturbances
xL
xR
uL
uR
Close Proximity Flight
AltitudeHeading
Altitude heading
 
Figure. 4.5 Simulink simulation platform for two UAVs flying at close proximity 
The UAVs are modeled as a standard nonlinear 6-degree-of-freedom aircraft. Each 
UAV are simulated utilizing the aircraft rigid body equations of motion. Simulations 
for the two UAVs are performed in Simulink, as can be seen in Figure 4.5. The vehicle 
and simulation parameters for each UAV are presented in Table 4.2. The Simulink 
simulation includes the close proximity aerodynamic intensity field look-up library 
developed in the previous work [7, 8]. The simulation platform consists of three main 
components: UAV controls, UAV Linked system and the close proximity 
aerodynamics section. The UAV are controlled individuals. The controller commands 
the UAV’s control surfaces, aileron, elevator, rudder and throttle. The UAV linked 
system contains the nonlinear aircraft vehicle equations of motion which are integrated 
to determine the states of each UAV. The close proximity aerodynamics component 
monitors the states of each UAV and applies the close proximity aerodynamics 
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disturbances to each UAV at any given time base on their relative position and 
orientation. 
 
Table 4.2 UAV’s vehicle and simulation parameters used in Simulink vehicle model 
Vehicle Parameters Values 
Mass 25.67 kg 
Wing span 6.52 m 
Aspect ratio 8 
Roll moment of inertia 18.40 kg-m
2 
Pitch moment of inertia 8.52  kg-m
2 
Yaw moment of inertia 28.37 kg-m
2 
Velocity 48.60 m/s 
4.3.4 Optimization problem formulation 
Trajectory design optimization is formulated as a constrained nonlinear 2 point 
boundary value problem. A schematic of the docking optimization problem can be 
seen in Figure 4.6.  The initial positions of the two UAVs are set to be far away from 
the close proximity aerodynamic interactions between each other.  The leader UAV is 
set to be traveling at a constant speed, heading and altitude. The follower UAV is set 
to perform the tracking and the close proximity maneuvering to approach the leading 
UAV in order that their wingtips make contact. This is done to simplify the 
optimization problem by restricting to one UAV to perform the close proximity 
maneuvering and therefore decreasing the convergence time of the optimal solution.  
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Figure. 4.6 Schematic of the wingtip midair docking trajectory optimization 
The purpose of the optimization is to find a docking trajectory r(t) that minimizes a 
scalar cost function of several variables. For this study, a cost function is chosen to 
minimize the energy used by the combined linked UAV system. The cost function 
used for this study is given by the following equation: 
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where J is the total scalar cost function, ΛF and ΛM are weighting matrices, Fl(r), 
Ml(r), Ff(r) and Mf(r) are close proximity close proximity forces and moments for the 
leader and follower UAVs, respectively. The cost function takes into account all the 
close proximity forces and moments throughout the docking trajectory for the leader 
and follower UAVs. When flying close, the proximity effects on all the aerodynamic 
forces and moments are considered to be disturbances to the UAVs.  The UAVs need 
to overcome those disturbances have to apply control power by deflecting their control 
surfaces, thus utilizing energy.  Therefore, by minimizing the close proximity forces 
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and moments throughout a trajectory it will be essentially minimizing the total energy 
consumed by the overall linked UAV system. In addition, all the aircraft controls 
(aileron, elevator, rudder and throttle) are limited in deflection and actuation range. 
These ranges are included in the optimization as constraints. Thus introducing 
penalties in the cost function for saturating control surfaces and heavy maneuvers. 
The docking trajectories are governed by the nonlinear 6 degree-of-freedom 
Simulink model described in the previous section. The nonlinear constraint 
optimization is implemented utilizing the MatLab optimization toolbox. The fmincon 
solver is utilized with the active-set optimization algorithm.  This algorithm uses a 
sequential quadratic programming method, where it solves a quadratic programming 
subproblem at each iteration [18, 19]. At every iteration in the optimization, the 
docking trajectories are computed by simulating the nonlinear Simulink model. 
Therefore, the docking trajectories are generated by the UAV nonlinear vehicle 
dynamics model taking into account the effects of the close proximity aerodynamic 
interaction have on each UAV at any given time. 
4.4 Optimization Results 
4.4.1 2-D Docking trajectories 
The main purpose of this study is to find an optimal trajectory for the two UAVs to 
dock with each other in midair. First, a 2-D optimization is performed.  In this case the 
two UAVs are at the same altitude at the beginning of the docking trajectory 
maneuver.  As the UAVs approach each other, the close proximity effects on the 
aerodynamic forces and moments lead to a change altitude. In order to maintain a 2-D 
trajectory, both UAVs are commanded to maintain a constant altitude. Therefore, each 
 103 
 
UAV implements the necessary controls to counteract the close proximity 
disturbances experienced by the other. By commanding a constant altitude, we have 
restricted the trajectories to 2-D horizontal docking paths. The trajectories will be only 
in the x-y plane. The initial separation for both the x and y separations are of 40 cord 
length. The follower UAV is far enough downfield and to the side that no 
aerodynamic coupling exist between the two UAVs. By starting the UAVs outside the 
aerodynamic interaction range, we ensure that the initial separation does not introduce 
a bias to a given trajectory in the optimization. For this case, the optimization yields 
the trajectory with the minimum aerodynamic disturbance and therefore minimizing 
the energy need to perform the docking maneuver. 
Figure 4.7 is the plot of the optimal 2-D docking trajectory that resulted from the 
optimization. A non-optimal trajectory is also presented that yielded a high values for 
the cost function while performing the optimization. The optimization yielded a 
trajectory where the aircrafts approached each other in the span-wise direction. The 
optimal docking trajectory took 150 seconds to complete the maneuver. The optimal 
trajectory path first approaches in the chord-wise direction while maintaining a 
relative large separation in the span-wise direction.  For example at 30 seconds into 
the maneuver, the x separation was reduced by 80%, while the y separation has only 
been reduced by 30%. The final approach in the optimal docking maneuver is mainly 
in the span-wise direction. Thus results in the optimal trajectory being essentially from 
the span-wise approach.  
Since the optimization only penalized the path, the optimal solution trajectory 
spends most of the time during the final approach of the UAVs, as seen in Figure 4.7. 
For example, at 60 seconds, which is 40% of the total time, almost all the separation in 
the x direction and 65% of the y separation are gone.  While it takes an additional 90 
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seconds to finish the reminder of the maneuver, which is only 35% of the total y 
separation.  The reason for the maneuver to spend most of the time when the two 
UAVs are close to each other is because the close proximity aerodynamic disturbances 
increases as the relative separation between the UAVs decreases [7,8]. As the 
aerodynamic disturbances increases, the UAVs require more control effort to 
overcome the higher disturbances thus slowing down the maneuver. 
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Figure. 4.7 An optimal and non-optimal trajectory path for midair docking. 
A non-optimal trajectory that yielded a high cost function value is a chord-wise 
approach.  This approach first approaches in the y direction and then in the x direction 
as it can be seen in Figure 4.7. From the close proximity aerodynamic analysis we can 
explain why this approached resulted in a high cost function value.  As discussed in 
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the aerodynamic section, the close proximity disturbances on the trailing aircraft in the 
x direction extends farther downstream as compared to the y direction. Therefore, it 
will result in higher cost function value.   Also, this trajectory took 300 seconds to 
complete the docking maneuver, double the time that the optimal trajectory took. Even 
though the optimization did not explicitly optimize for time, the optimization yielded a 
trajectory with a fast time to complete the maneuver. This can be explain because the 
cost function is a measurement of the energy needed to complete the docking 
maneuver. If a certain maneuver takes longer, it consumes more energy resulting in a 
higher cost function value. 
To evaluate the two trajectories we will take a look at the close proximity forces 
and moments acting along each trajectory. Figure 4.8 plots the forces and moments 
acting on the leader (left) and follower (right) UAVs for both trajectories. For the 
follower UAV, the forces and moment disturbances are higher for the non-optimal 
approach than for the optimal approach as seen in Figure 4.8b and 4.8d. This is 
expected since the follower UAV for the chord-wise (non-optimal) approach spends 
significant more time behind the leader. As discussed in the aerodynamic section, this 
is an area of higher disturbances due to the close proximity effects in all the 
aerodynamic forces and moments for the follower UAV. In addition, both the close 
proximity forces and moments on the non-optimal trajectory act earlier than for the 
optimal approach due that the proximity effects are still present more downstream in 
the chord-wise direction. For the leader UAV, the forces and moments act sooner for 
the optimal approach, however it takes less time to complete the trajectory. So the 
overall amount of disturbance seen by the leader UAV for both trajectories is 
comparable to each other. As expected, the optimal approach the forces and moments 
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acting on both UAVs are symmetric because it is mainly a span-wise approach as 
discussed in the previous sections. 
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Figure. 4.8 Close proximity aerodynamic disturbance forces and moments acting on 
each UAV for an optimal and a non-optimal trajectory 
4.4.2 Dynamic wind tunnel experiments 
A dynamic wind tunnel model has been built and tested to evaluate the docking 
trajectories. The model consists of a full and half wing with a rectangular planform, 
with an aspect ratio of 4.5 as seen in Figure 4.9. The wings have a chord of 3 inches 
and a span of 13.5 and 6.75 inches for the full and half wing, respectively. The full 
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wing was used to measure the aerodynamic forces and moments using a 6 degree-of-
freedom JR3 load cell, which measures lift to 25 lb with a resolution of less than 0.01 
lb. Tests use the Cornell University environmental wind tunnel facility, an open return 
wind tunnel with a 48” x 43” test section. A splitter plate was attached to the half wing 
to simulate a full wing. The full wing remained stationary, while the half wing is 
attached to dynamic 3-axis system. The 3-axis system can move in the chord-wise (x – 
direction) for 18 inches, in the span-wise (y – direction) for 14 inches and vertical 
direction (z – direction) for 18 inches. Each independent axis is driven by lead 
screw/lead nut and stepper motor. The stepper motors are controlled by an ATMega32 
Atmel microcontroller. Docking trajectories paths are programmed into the 
microcontroller to dynamically test the trajectories in the wind tunnel. 
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Figure. 4.9 Dynamic wind tunnel setup to test docking trajectories 
The two docking trajectories discussed in the previous section, the optimal and 
non-optimal trajectories, where tested in the wind tunnel.  The lift coefficients for the 
follower UAV wing for both predicted and measured values are plotted as a function 
of separation for the two trajectories in Figure 4.10. We can see that the measured 
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values for the lift coefficients are in good agreement with the predicted values from 
the lifting-line method.  For both trajectories the measured values follows the same 
trends and the error is about 6 %, which is within the expected error for the lifting-line 
approximation. The wind tunnel tests also corroborate the results from the 
optimization.  The test clearly shows that the optimal span-wise approach experiences 
less overall disturbances in the lift coefficient. 
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Figure. 4.10 Lift coefficient for both the optimal and non-optimal docking trajectories 
The roll moment coefficients for the follower UAV wing for both predicted and 
measured values are plotted as a function of separation for the two trajectories in 
Figure 4.11. We see that the measured values for the roll moment coefficients have a 
good agreement with the predicted values from the lifting-line method. For both 
trajectories the measured values follows the same trends. From the plot we see that 
there is an offset between the measured and simulated values. This offset can be 
attributed to wall effects due to the presence of the two wings. The test clearly shows 
that the optimal span-wise approach experiences less overall disturbances in the roll 
moment coefficient. 
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Figure. 4.11 Pitch moment coefficient plot for both the optimal and non-optimal 
docking trajectories 
4.4.3 3-D Docking trajectories 
In this section, we present the results of a full 3-D optimization. For this case the 
restriction for both UAVs to start at the same altitude and maintain a constant altitude 
is removed from the optimization. Therefore the trajectories simulated by the Simulink 
model are free to move in any direction in the 3-D space. The initial separations for all 
three directions (x, y and z separation) are 40 cord lengths. As in the previous case, the 
follower UAV is far enough downfield, to the side and in the vertical position that 
there is no aerodynamic coupling between the two UAVs. Similar to the 2-D 
optimization, this optimization is performed with the same optimization algorithm, 
dynamic model and cost function. For this case, the optimization yields a 3-D optimal 
trajectory with the minimum aerodynamic disturbance and consequently minimizing 
the energy need to perform the docking maneuver. 
Figure 4.12 is the plot of the optimal 3-D docking trajectory that resulted from the 
optimization and the 2-D optimal trajectory from the previous section. The 3-D 
optimization yielded a similar span-wise approach as the 2-D optimal docking 
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trajectory. The optimal trajectory path, first approaches both in the chord-wise and 
vertical direction while maintain a relative large separation in the span-wise direction.  
The final approach in the 3-D optimal docking maneuver is mainly in the span-wise 
direction thus resulting in the optimal trajectory being a span-wise approach. If the 3-
D optimal trajectory is collapsed to a 2-D plane it mainly follows the 2-D optimal 
trajectory presented in the previous section. 
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Figure. 4.12 3-D and 2-D optimal docking trajectories 
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4.5 Conclusions 
The problem of modeling and computing a trajectory optimization for wingtip 
midair docking of a Linked UAV system has been formulated and solved.  A 2-D and 
3-D optimal trajectories have been presented and analyzed. These trajectories both 
lead to a span-wise approach for wingtip midair docking as being the optimal path. 
These results are expected as the close proximity disturbances are smaller in the span-
wise direction as compared to chord-wise approach.  The span-wise approach not only 
leads to a lower cost function and lower energy consumption but also to faster times to 
complete the docking maneuver. A comparison of the 2-D optimal trajectory and a 
non-optimal trajectory has been presented. Dynamic wind tunnel tests of the optimal 
trajectory and non-optimal trajectory to correlate the optimization results have been 
presented. 
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